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iRésumé
Les champignons mycorhiziens à arbuscules (CMA) sont des organismes 
microscopiques du sol qui jouent un rôle crucial dans les écosystèmes naturels et que l’on 
retrouve dans tous les habitats de la planète. Ils vivent en relation symbiotique avec la vaste 
majorité des plantes terrestres. Ils sont des biotrophes obligatoires, c'est-à-dire qu'ils ne 
peuvent croître qu'en présence d'une plante hôte. Cette symbiose permet entre autres à la 
plante d'acquérir des nutriments supplémentaires, en particulier du phosphore et du nitrate. 
Malgré le fait que cette symbiose apporte des services importants aux écosystèmes, la richesse 
des espèces, la structure des communautés, ainsi que la diversité fonctionnelle des CMA sont 
mal connues et l'approfondissement des connaissances dans ces domaines dépend d’outils de 
diagnostic moléculaire. Cependant, la présence de polymorphisme nucléaire intra-isolat 
combiné à un manque de données génomiques dans différents groupes phylogénétique de ces 
champignons complique le développement de marqueurs moléculaires et la détermination de 
l'affiliation évolutive à hauts niveaux de résolution (c.a.d. entre espèces génétiquement 
similaires et/ou isolats de la même espèce).
.
Pour ces raisons, il semble une bonne alternative d’utiliser un système génétique différent en 
ciblant le génome mitochondrial, qui a été démontré homogène au sein d'un même isolat de 
CMA. Cependant, étant donné le mode de vie particulier de ces organismes, une meilleure 
compréhension des processus évolutifs mitochondriaux est nécessaire afin de valoriser 
l'utilisation de tels marqueurs dans des études de diversité et en génétique des populations. En 
ce sens, mon projet de doctorat consistait à étudier: i) les vecteurs de divergences inter-isolats 
et -espèces phylogénétiquement apparentées, ii) la plasticité des génomes mitochondriaux, iii)
l'héritabilité mitochondriale et les mécanismes potentiels de ségrégation, ainsi que iv) la 
diversité mitochondriale intra-isolat in situ.
À l'aide de la génomique mitochondriale comparative, en utilisant le séquençage nouvelle 
génération, on a démontré la présence de variation génétique substantielle inter-isolats et -
espèces, engendrées par l'invasion d'éléments mobiles dans les génomes mitochondriaux des 
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CMA, donnant lieu à une évolution moléculaire rapide des régions intergéniques. Cette 
variation permettait de développer des marqueurs spécifiques à des isolats de la même espèce.
Ensuite, à l'aide d'une approche analytique par réseaux de gènes sur des éléments mobiles, on
a été en mesure de démontrer des évènements de recombinaisons homologues entre des 
haplotypes mitochondriaux distincts, menant à des réarrangements génomiques. Cela suggère 
une coexistence de différents haplotypes mitochondriaux dans les populations naturelles et que 
les cultures monosporales pourraient induirent une sous-estimation de la diversité allélique 
mitochondriale. Cette apparente contradiction avec l'homogénéité mitochondriale intra-isolat 
généralement observée, a amené à étudier les échanges génétiques à l'aide de croisements 
d'isolats génétiquement distincts. Malgré l'observation de quelques spores filles 
hétéroplasmiques, l'homoplasmie était le statut par défaut dans toutes les cultures 
monosporales, avec un biais en faveur de l'un des haplotypes parentaux. Ces résultats 
suggèrent que la ségrégation opère durant la formation de la spore et/ou le développement ddu
mycélium. De plus, ils supportent la présence d'une machinerie protéique de ségrégation 
mitochondriale chez les CMA, où l'ensemble des gènes impliqués dans ce mécanisme ont été 
retrouvé et sont orthologues aux autres champignons. Finalement, on a étudié le 
polymorphisme mitochondrial intra-isolat à l'aide d'une approche conventionnelle de PCR en 
utilisant une Taq polymérase de haute fidélité, suivie de clonage et de séquençage Sanger, sur 
deux isolats de R. irregularis. Cela a permis l'observation d'hétéroplasmie in situ, ainsi que la 
co-expression de variantes d'ARNm dans une souche in vitro. Les résultats suggèrent que 
d'autres études basées sur le séquençage nouvelle génération aurait potentiellement ignoré
cette variation, offrant ainsi plusieurs nouveaux arguments permettant de considérer les CMA 
comme des organismes possédant une population de génomes mitochondriaux et nucléaires 
distincts.
Mots-clés : champignons mycorhiziens à arbuscules, génomique évolutive, génome 
mitochondrial, marqueurs moléculaires, éléments génétiques mobiles, transfert horizontal de 
gènes, recombinaison homologue, réarrangements génomiques, réseaux de gènes, mécanismes 
de ségrégation, anastomoses, homoplasmie, heteroplasmie, séquençage nouvelle génération
iii
Abstract
The association between arbuscular mycorrhizal fungi (AMF) and plant roots is one of 
the most widespread symbioses, and thus has an important role in terrestrial ecosystems. In 
exchange for carbohydrates, AMF improve plant fitness by enhancing mineral nutrient uptake, 
in particular phosphate and nitrate. Although this symbiosis provides important services to
ecosystems, the species richness, community structure and functional diversity of AMF is not 
well understood due to a lack of reliable molecular tools. The intra-isolate genetic 
polymorphism of nuclear DNA observed in AMF, combined with a lack of genomic data in a 
broad range of phylogenetic groups, has made it difficult to develop molecular markers and to 
determine evolutionary relatedness at high levels of resolution (i.e. between genetically-
similar species and/or isolates).
For these reasons, it seems a good alternative to use a different genetic system by targeting the 
mitochondrial genome, which have been shown to be homogeneous within AMF isolates. 
However, given the peculiar lifestyle of these organisms, a better understanding of the 
mitochondrial evolutionary processes and dynamics is necessary in order to validate the 
usefulness of such markers in diversity and population genetics studies. In that regard, the 
objectives of my PhD project were to investigate: i) the divergence between closely related 
species and isolates, ii) mitochondrial genomes plasticity, iii) mitochondrial heritability and 
potential segregation mechanisms and  iv) in situ mitochondrial intra-isolate allelic diversity.
Using comparative mitochondrial genomics using and next generation sequencing (NGS) , we
found substantial sequence variation in intergenic regions caused by the invasion of mobile 
genetic elements. This variation contributes to rapid mitochondrial genome evolution among 
closely related isolates and species, which makes it possible to design reliable intra- and inter-
specific markers. Also, an extensive gene similarity network-based approach allowed us to
provide strong evidence of inter-haplotype recombination in AMF, leading to a reshuffled 
mitochondrial genome. These findings suggest the coexistence of distinct mtDNA haplotypes 
in natural populations and raise questions as to whether AMF single spore cultivation
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artificially underestimates mitochondrial genetic diversity. This apparent contradiction with 
the intra-isolate mtDNA homogeneity usually observed in these fungi, led to the investigation 
of mitochondrial heritability in the spore progeny resulting from crossed-cultures. Although an 
heteroplasmic state was observed in some daughter spores, we found that homoplasmy was the 
dominant state in all monosporal cultures, with an apparent bias towards one of the parental 
haplotypes. These results strongly support the presence of a putative mitochondrial 
segregation proteic machinery in AMF, whose complete set of genes were orthologous with 
those found in other fungi. Our findings suggest that segregation takes place either during 
spore formation or mycelium development. Finally, we performed a conventional PCR based 
approach with a high fidelity Taq polymerase, followed by downstream cloning and Sanger 
sequencing using the model organism Rhizophagus irregularis. We found in situ heteroplasmy 
along with substantial intra-isolate allelic variation within the mtDNA that persists in the 
transcriptome. Our study also suggest that genetic variation in Glomeromycota is higher than 
meets the eye and might be critically underestimated in most NGS based-AMF studies both in 
nuclei and mitochondria. 
Keywords : arbuscular mycorrhizal fungi, evolutionary genomics, mitochondrial genome, 
molecular markers, mobile genetic elements, horizontal gene transfer, homologous 
recombination, genome rearrangements, gene similarity network, segregation mechanism, 
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Chapitre 1 - Introduction générale
1.1 Potentiel d'application des CMA en agriculture
Le milieu agricultural du 21ième siècle fait face à plusieurs défis, afin de subvenir à la 
demande d’une population mondiale sans cesse croissante. De ces défis on note 
particulièrement la prise de conscience de plus en plus généralisée du méfait que causent les 
engrais chimiques à l’environnement, ainsi que le stress induit par le réchauffement climatique  
sur les plantations en ce qui a trait à la sécheresse, aux espèces invasives et aux parasites. Dans 
ce contexte alarmant, l'utilisation des champignons mycorhiziens à arbuscules (CMA) dans les 
pratiques agricoles peut permettre le développement de solutions intégrées aux problèmes à 
plus long terme liés à l’épuisement des ressources naturelles disponibles pour l’agriculture. Le 
phosphore, un élément dont l’absorption par la plante est particulièrement favorisée par la 
mycorhization des racines, est utilisé de façon intensive dans les grandes cultures. Avec la 
demande qui ne cesse d’augmenter et les réserves mondiales qui diminuent, il a été estimé que 
les sources de phosphore inorganique disponibles seraient épuisées dans une cinquantaine 
d’années (Gilbert, 2009). C’est à ce niveau que les multiples contributions de la symbiose 
plante-CMA, autre que l’augmentation de la croissance, peuvent être d’une grande importance 
dans le développement d’une agriculture durable et saine. La symbiose mycorhizienne 
présente de nombreux avantages pour le développement de la plante hôte, avec une panoplie
d’applications en horticulture et en agriculture (Zimmerman et al., 2010). L'utilisation de 
champignons mycorhiziens dans les grandes cultures permet ainsi aux agriculteurs de réduire 
les intrants (engrais, pesticides) requis pour améliorer la fertilité des sols et augmenter les 
rendements (Roy-Bolduc & Hijri, 2011).
21.2 Physiologie des champignons mycorhiziens à arbuscules
Les champignons mycorhiziens à arbuscules sont des organismes fascinants tant au 
niveau de leur mode de vie que de leur génétique particulière. Ce sont des champignons 
microscopiques du sol qui jouent un rôle crucial dans les écosystèmes naturels et que l’on 
retrouve dans tous les habitats de la planète. Ils vivent en relation symbiotique avec la grande 
majorité (plus de 80%) des plantes vasculaires (James, 1998; Parniske, 2008; Smith & Read, 
2008). Les CMA font partie du phylum des Glomeromycota, dont les plus anciens fossiles 
datent d’au moins 420 millions d’années (Redecker et al., 2000). Ils sont des biotrophes 
obligatoires, c'est-à-dire qu'ils ne peuvent croître qu'en présence d'une plante hôte qui leur 
fournit les carbohydrates dont ils ont besoin pour survivre (Strack et al., 2003). Cette 
symbiose aide la plante à acquérir des nutriments supplémentaires (en particulier du phosphore 
et du nitrate), tout en contribuant à augmenter sa résistance aux pathogènes présents dans le 
sol (St-Arnaud & Vujanovic, 2007). Cette augmentation de la résistance peut se faire entre 
autres via la modulation de l'expression des gènes de toxicité du pathogène (Ismail et al.,
2011) ou par stimulation des mécanismes de défense de la plante (Ismail & Hijri, 2012). De 
plus, il a été démontré que les CMA jouent un rôle dans l’augmentation et le maintient de la 
biodiversité des plantes  (Van Der Heijden et al., 1998). Les CMA ont également  un impact 
majeur sur les propriétés microbiologiques et physiques du sol (Rillig et al., 2002; Rillig et al.,
2010).
1.3 Symbiose et mode de vie
L'établissement de la symbiose mycorhizienne est le résultat d'un dialogue moléculaire 
spécialisé (Bécard et al., 2004; Bucher et al., 2009) entre le partenaire fongique et les racines 
3de la plante hôte. Cet échange entre deux partenaires évolutivement éloignés implique une 
série de modifications morpho-anatomiques (Genre et al., 2008) qui impliquent la formation 
d'un appareil de prépénétration et d'un appressorium (Bonfante & Genre, 2008) à la surface de 
la racine, la pénétration de l'hyphe et la colonisation du cortex racinaire où se forment les 
structures spécialisées, caractéristiques à cette symbiose, appelées arbuscules. Par la suite le 
CMA va sortir de la racine et croître dans le milieu environnant en formant un réseau de 
mycélium extra-racinaire (MER) coenocytique interconnecté et multinucléé (Leake et al.,
2004). Étant donné sa nature sous-terraine intrinsèque, le MER est continuellement remodelé 
en réponse aux stress environnementaux, par l'entremise d'extensions et d'interconnections à 
l'aide de fusions hyphales. Ces dernières constituent un processus appelé anastomoses, qui 
implique la dégradation des parois cellulaires pour créer un cytoplasme commun entre les 
hyphes (Glass & Fleissner, 2006). Ce processus représente un important mécanisme de 
communication intra-hyphal pour le maintient de l'homéostasie dans la colonie de CMA 
durant la période de croissance et de reproduction (Rayner et al., 1995).
Les champignons mycorhiziens à arbuscules ne possèdent pas de septa dans leurs hyphes, ce 
qui permet au protoplasme cellulaire de circuler librement, incluant les organelles, et permet 
de définir la colonie comme étant un syncytium (Friese & Allen, 1991; Bago et al., 1998;
Giovannetti et al., 1999). Le réseau mycélien formé par les CMA, interconnecté par 
l'entremise d'anastomoses, peut lier entre elles des plantes de différentes espèces et/ou 
appartenant à différentes familles (Giovannetti et al., 2004), créant ainsi un réseau 
mycorhizien commun (RMC). De plus, la coexistence de nombreux CMA (différents isolats 
et/ou espèces) dans les communautés du sol est la règle plutôt que l'exception, favorisant les 
4contacts entre des individus génétiquement distincts. Dans ce contexte, les anastomoses jouent 
un rôle crucial dans les échanges génétiques au sein d'un même isolat et entre des isolats de 
CMA évolutivement rapprochés, mais génétiquement divergents (Giovannetti et al., 1999;
Croll et al., 2009). Ce mécanisme a été suggéré comme un facteur déterminant au maintient de 
l'intégrité génétique des membres du phylum des Gloméromycètes (Bever & Wang, 2005;
Corradi et al., 2007; Croll et al., 2009; Angelard & Sanders, 2011; Colard et al., 2011).
Figure 1.1. Établissement de la symbiose et mode de vie des CMA. Figure modifiée à 
partir de Sanders & Croll (2010) (A) les spores du champignon germent dans le sol. Lorsque 
les hyphes rencontrent les racines, la symbiose se forme avec la plante. Après avoir formé un 
appressorium, le champignon pénètre dans la racine, colonise le cortex racinaire et forme des 
5arbuscules, qui permettent le transfert des nutriments entre les partenaires. (B) Le champignon 
forme alors son MER qui permet l'absorption des nutriments présents dans le sol et leurs 
transports vers la plante. (C) Les hyphes peuvent produire de nouvelles spores multinucléées. 
(D) Les hyphes peuvent continuer à croître dans le sol et coloniser de nouvelles plantes et 
créer le RMC. (E) D'autres CMA génétiquement distincts peuvent coloniser des plantes 
adjacentes ou la même plante hôte. (F) Les hyphes de CMA compatibles peuvent fusionner et 
former des anastomoses.
1.4 Les défis de la taxonomie
Malgré la distribution ubiquitaire des CMA à l'échelle mondiale, environ 230 espèces 
sont à ce jour répertoriées. Cela s'explique en partie par la difficulté de les maintenir en culture 
et de les identifier. Historiquement, le système taxonomique et l'identification des CMA 
étaient basés sur l'interprétation des caractères morphologiques des spores, plus précisément 
sur le nombre et la position de parois et membranes internes, ainsi que l'attachement de 
l'hyphe à la spore. Cependant, cette méthode requiert une grande expertise pour son utilisation 
adéquate et a été l'objet de débats scientifiques, à savoir si ces critères taxonomiques avaient 
une origine commune ou étaient indépendants. Des études subséquentes démontrèrent que les 
parois et membranes des spores ne pouvaient être considérées comme des caractères 
indépendants puisqu'elles se différentiaient durant la germination de la spore (Franke & 
Morton, 1994).  La structure de la paroi de la spore peut être simple, comme chez Glomus 
intraradices ou complexe avec plusieurs membranes internes chez les Scutellospora spp.
L'observation d'espèces dimorphiques avec des caractéristiques appartenant au  genre Glomus
et Acaulospora, suggère que les spores des Gloméromycètes ne représentent pas une structure 
homologue (Redecker, 2001). Les risques de mauvaises interprétations reliés à la  complexité 
de l'identification morphologique ont été mis de l'avant lorsqu'il a été démontré que l'espèce 
modèle de CMA Glomus intraradices DAOM-197198 avait fait l'objet d'une mauvaise 
6classification et faisait en fait parti du clade regroupant les isolats de Glomus irregulare
(Stockinger et al., 2009).
Les données moléculaires ont grandement changé la systématique et de nouveaux genres et 
familles ont été mis en place (Walker & Schüßler, 2004; Walker et al., 2007; Krüger et al.,
2012). Les espèces sont maintenant décrites avec une combinaison de séquences de gènes 
nucléaires ribosomaux (ADNr) et de critères morphologiques. Les nouvelles descriptions 
incluent les séquences d'ADN, ce qui facilite l'identification lorsqu'il y a peu de caractères 
morphologiques à utiliser (Walker et al., 2007). Cependant, l'identité taxonomique et 
phylogénétique des CMA continue d'être controversée. Ils ont été initialement assignés aux 
zygomycètes, un groupe fongique suspecté être paraphylétique  (Seif et al., 2006; Liu et al.,
2009). Ils ont ensuite été assignés à un phylum distinct, les Gloméromycota (Schussler et al.,
2001). Cependant, les phylogénies publiées sont sujettes à questionnement et manquent
souvent de support statistique approprié causé par un nombre limité de séquences de gènes 
nucléaires ribosomaux polymorphiques, un échantillonnage taxonomique insuffisant, ou une 
combinaison des deux. Dans plusieurs cas, les analyses démontrent de potentiels artéfacts 
phylogénétiques comme l'attraction des longues branches (Felsenstein, 1978). L'ajout des 
séquences codantes mitochondriales d'espèces distantes de CMA, Gigaspora rosea et
Gigaspora margarita, a récemment permis de confirmer avec un fort support statistique le 
positionnement des Gloméromycètes comme groupe sœur des Mortierellales au sein du grand 
groupe des champignons (Nadimi et al., 2012; Pelin et al., 2012) (voir Article #1 en Annexe).
71.5 Organisation génétique des CMA
L'organisation de la structure génomique nucléaire des CMA a engendré plusieurs 
interrogations. En effet, ces champignons contiennent plusieurs milliers de noyaux circulant 
librement dans leurs hyphes coénocytiques et forment des spores multinucléées (Marleau et 
al., 2011) (Figure 1.2). Comme aucun stade de leur cycle de vie n’est réduit à un seul noyau, 
ils ne sont donc pas sujets à un goulot d'étranglement génétique. Les CMA ont longtemps été 
considérés d'anciens organismes asexués. Cependant pratiquement l'ensemble des gènes 
nécessaires à la méiose a récemment été caractérisé (Halary et al., 2011), ce qui laisse présager
la présence d'une forme de reproduction sexuée, voir de la recombinaison cryptique. 
L'observation d'un niveau élevé de polymorphisme nucléaire intra-isolat a mené la 
communauté scientifique à se questionner sur la façon dont cette variation était maintenue 
chez les CMA (voir Boîte 1.1). Il a été suggéré que le polymorphisme observé était réparti à 
travers la multitude de noyaux retrouvés dans les CMA, cet état est connu sous le nom 
d’hétérokaryotie (Kuhn et al., 2001; Hijri & Sanders, 2004; Bever & Wang, 2005; Hijri & 
Sanders, 2005; Corradi et al., 2007) . Toutefois, cette théorie doit être en mesure d’expliquer 
de quelle façon la diversité est maintenue face au problème de la dérive génétique. L’autre 
théorie suggérée est que la variation génétique est répartie en différents chromosomes 
(Pawlowska & Taylor, 2004) ou dans chaque noyau dans des gènes dupliqués, il s’agirait donc 
d’homokaryotie. Cependant, cette théorie doit être en mesure d’expliquer comment la 
variation due à l’accumulation de mutations est purgée (Figure 1.3).
8Figure 1.2. Images en microscopie confocale d'une spore vivante de Rhizophagus sp. Le 
panneau A montre une spore marquée avec du SytoGreen (les noyaux sont visibles et 
correspondent aux taches vertes), en utilisant le filtre vert. Le panneau B, montre les 
mitochondries marquées avec du MitoTracker, en utilisant le filtre rouge. Le panneau C
présente une combinaison des images A et B. L'échelle représente 12.62 µm.
Figure 1.3. Comment est réparti le polymorphisme intra-isolat chez les CMA? (A) Entre 
différents noyaux possédants des variantes de gènes orthologues (B) au sein de mêmes noyaux 
entre différentes copies paralogues ou (C) au sein de mêmes noyaux polyploïdes entre les 
chromosomes. La dernière option a été écartée, du moins chez l'espèce modèle G. irregulare,
qui est haploïde.
9Boîte 1. Organisation de la variation génétique nucléaire observée chez les CMA
(i) Les premières observations de polymorphisme nucléaire chez les CMA étaient dans la 
région de l'ADN ribosomal (ADNr), où plusieurs variantes alléliques ont été répertoriées 
au sein d'un isolat (Sanders et al., 1995; Lloyd-Macgilp et al., 1996; Clapp et al., 2003).
(ii) Deux types de variation intra-isolat ont été décrits: intra-sporale (dans une spore)
(Sanders et al., 1995; Clapp et al., 1999; Hijri et al., 1999) et inter-sporale (entre les 
spores appartenant au même isolat) (Sanders et al., 1995; Clapp et al., 2001; Boon et al.,
2010).
(iii) La variation allélique intra-isolat a aussi été observée pour les gènes codant pour des 
protéines, comme pour l'actine, le facteur d'élongation 1-alpha, la beta tubuline, 
H+ATPase, la binding protein (BiP) et la P-type II ATpase. (Kuhn et al., 2001;
Helgason et al., 2003; Corradi et al., 2004; Corradi & Sanders, 2006; Corradi et al.,
2007).
(iv) Le polymorphisme intra-isolat chez les CMA persiste aussi au niveau du transcriptome 
(Boon et al., 2010; Tisserant et al., 2012).
Preuves supportant l'homokaryotie:
(v) Comme dans un hétérokaryon on s'attend à observer une divergence d'héritabilité des 
génotypes dans les spores (c.a.d. présence de ségrégation), il a été démontré que les 13 
variantes d'un marqueur POL-like (PLS) dans un isolat de Glomus etunicatum, étaient 
présentes dans toutes les spores filles après une génération. Les auteurs conclurent que 
les variantes coexistaient dans chaque noyau, possiblement sur différents chromosomes 
(Pawlowska & Taylor, 2004; Pawlowska, 2005).
(vi) Suite à du génotypage multi-locus d'une population de CMA sur deux gènes codants et 
un marqueur ADNr, il a été suggéré que le champignon forme un mycélium
génétiquement uniforme (Stukenbrock & Rosendahl, 2005) et que toutes les variantes 
observées pouvaient être dérivé d'un seul individu (Rosendahl & Stukenbrock, 2004).
Preuves supportant l'hétérokaryotie:
(vii) En utilisant l'hybridation en fluorescence in situ (FISH), deux variantes fortement 
divergentes de la région ITS de Scutellospora castanea étaient ségrégées dans différents 
noyaux, alors que certains contenaient les deux variantes (Kuhn et al., 2001).
(viii) Le génome de l'espèce de CMA Glomus irregulare a été démontré haploïde, ce qui 
enlève la possibilité d'expliquer la répartition de la variation génétique sur plusieurs 
chromosomes dans un noyau chez cette espèce (Hijri & Sanders, 2004).
(ix) Le nombre de variantes du gène PLS a été estimé à deux par génomes, ce qui représente 
un fort contraste aux 13 variantes coexistant dans un isolat de Glomus etunicatum (Hijri 
& Sanders, 2005).
(x) Divergence observée dans le nombre de copies par noyau du gène BiP entre trois isolats 
de Glomus irregulare (Corradi et al., 2007).
(xi) Preuves expérimentales d'échanges génétiques par anastomose entre des isolats 
génétiquement distincts de Glomus irregulare, engendrant un hétérokaryon (Croll et al.,
2009).
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(xii) Une étude a démontré que les échanges génétiques et la ségrégation engendrent une
progéniture ayant différents effets symbiotiques sur la croissance de la plante hôte en 
comparaison à l'isolat parental (Angelard et al., 2010; Angelard & Sanders, 2011).
(xiii) Le génome de l'espèce modèle de CMA Glomus irregulare DAOM-197198 a été très 
difficile à assembler possiblement due au polymorphisme élevé et possède une taille 
estimée supérieure à la quantité d'ADN par noyau (Martin et al., 2008).
1.6 Biologie moléculaire face à la problématique du polymorphisme 
nucléaire
Le polymorphisme nucléaire pose obstacle à plusieurs techniques d’analyse 
couramment utilisées en biologie moléculaire. Par exemple, lors de l’extraction de l’ADN, on 
se retrouve avec un mélange de tous les noyaux (c.à.d. une population d'allèles) dans le produit 
final. Ce problème peut cependant être limité par l’amplification de l’ADN contenu dans une 
spore unique, où l’on connaît approximativement le nombre de noyaux. Cela permet de limiter 
dans une certaine mesure le nombre d’allèles présents dans la solution finale. Il est 
actuellement difficile d’amplifier l’ADN provenant d’un noyau unique en raison de la 
difficulté d’isolation par microdissection, sans avoir de contamination.  Cependant, cette 
technique a récemment été réussie avec succès dans l'optique du séquençage de quatre noyaux 
de l'espèce G. irregulare (Lin et al., 2014). Une autre limitation auquel les études moléculaires 
sont confrontées est au niveau de la PCR (polymerase chain reaction). La nature stochastique 
de cette technique fait en sorte que la diversité génétique des allèles amplifiés ne reflète 
probablement pas celle retrouvée originellement, surtout dans des organismes potentiellement 
hautement polymorphiques comme les CMA. L’estimation du nombre de copies d’un gène 
donné (par qPCR) ou de la ploïdie (par cytométrie en flux, cinétique de réassociation et 
reconstruction génomique) est aussi problématique puisque l'on n’obtiendra rien de plus 
qu’une moyenne de la population totale de noyaux présents. De plus, la transformation des 
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CMA pour l'expression de gènes hybrides marqués avec la green fluorescent protein (GFP) est 
instable (Helber & Requena, 2008), ce qui limite la possibilité de confirmer la localisation de 
protéines d'intérêt.
1.7 Nécessité d'outils de diagnostics moléculaires
Les CMA sont fonctionnellement divers et varient énormément dans une vaste gamme  
de caractéristiques comme leur capacité d’acquisition des nutriments (Jakobsen et al., 1992;
Cavagnaro et al., 2005), leur besoin en carbone organique (Koch et al., 2006), leur protection 
envers les maladies (Maherali & Klironomos, 2007) et dans leur patron de croissance (Hart & 
Reader, 2002; Koch et al., 2004). Il s’agit d’un constat important puisqu’il a été démontré que 
l’effet sur le fitness de la plante varie en fonction de l’espèce de CMA et même selon l’isolat 
de la même espèce (Van Der Heijden et al., 1998). De plus, la ségrégation génétique d'un 
isolat a des effets significatifs sur la croissance de la plante hôte (Angelard et al., 2010;
Angelard & Sanders, 2011). Cela démontre la complexité du maintient d’une communauté de 
CMA efficace dans les fonctions que l’on veut promouvoir dans les champs. 
La caractérisation de ces traits génétiques dépend donc d’outils de diagnostic moléculaires afin 
d’être en mesure de mesurer la diversité et l’abondance des CMA sur le terrain. Le plus gros 
défi auquel la recherche sur les CMA est confrontée est l’observation d’une grande variation 
génétique intra-isolat. De nombreuses études démontrent la variation substantielle dans la 
séquence de gènes nucléaires (voir Boîte I). Cette situation peut expliquer en partie les 
difficultés rencontrées par le consortium responsable de l'assemblage du génome nucléaire de 
Glomus irregulare (Martin et al., 2008). La présence de ce polymorphisme nucléaire, combiné 
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à un manque de données génomiques dans différents groupes phylogénétiques de ces 
champignons, complique le développement de marqueurs moléculaires pour l'identification et 
la quantification, ainsi que le positionnement phylogénétique précis des CMA au sein du grand 
groupe des champignons.
1.8 Marqueur simple copie
Plusieurs études  tentent d’amener des solutions à ces problèmes. Par exemple, certains 
tentent de développer, à l’aide d’une approche bio-informatique, un groupe de marqueurs 
potentiellement simple copie chez les CMA (Boon, 2012). Ces marqueurs permettraient  
éventuellement d’avoir une idée de la variation génétique totale retrouvée entre les différents 
génomes  d’un même isolat. Ils permettraient d’adopter une approche d’étude des populations 
sur les noyaux de ce même isolat. De plus, il serait possible de vérifier comment la diversité 
génétique de ces marqueurs serait maintenue via les anastomoses ou perdue via la dérive 
génétique. L’approche des marqueurs simple copie est très intéressante, puisqu’elle permet de 
diminuer drastiquement le nombre de variantes que l’on s’attend à retrouver et que ces 
variantes sont nécessairement inter nucléaire.  Cette méthode a été employée avec succès pour 
le locus sod1 qui code pour la Copper-Zinc Superoxide Dismutase qui est probablement 
simple copie chez G. intraradices (Corradi et al., 2009). Ils ont observé une grande diversité 
au niveau des nucléotides et des acides aminés encodés entre six espèces de CMA et 14 isolats 
de G. intraradices pour ce locus.
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1.9 Marqueurs ciblant les fonctions symbiotiques
Une méthode a été suggérée dans l’optique d’une compréhension plus fonctionnelle à 
des fins d’application des CMA en agriculture (Gamper et al., 2010). Ils suggèrent une 
approche utilisée en écologie microbienne utilisant des gènes codant pour des protéines 
impliquées dans des fonctions clés des interactions symbiotiques des CMA. Pour être en 
mesure d’être de bons marqueurs, ces gènes devront être liés intimement au processus 
écosystémique de façon à ce que les chances qu’un changement dans leur expression soit 
directement lié à un changement de la fonction de l’écosystème soient les plus élevées 
possible. De plus, le gène marqueur potentiel devrait être conservé entre différentes espèces de 
CMA, mais distinct des autres organismes présents, ce qui pose un défi considérable. Il a été 
suggéré d’utiliser le ‘High affinity Pi Transporter’, impliqué dans l’apport de phosphate, dont 
la séquence est connue chez trois espèces de CMA appartenant à trois lignées phylogénétiques 
différentes (Harrison et al., 2002; Karandashov & Bucher, 2005; Javot et al., 2007; Smith et 
al., 2011). Un autre candidat serait un ‘High affinity ammonium transporter’ dont la séquence 
est connue chez G. intraradices,  qui est impliqué dans l’apport d’ammonium. Des gènes 
impliqués dans le métabolisme des carbohydrates, des gènes structuraux et de métabolisme 
général des CMA pourraient aussi être ciblés. Cette approche est intéressante dans la 
perspective où elle permettrait de cibler l’expression des gènes fonctionnellement importants à 
l’aide de micropuces à ADNc, ce qui serait très intéressant pour la compréhension globale de 
l’interface plante-CMA et éventuellement d’accroître leur efficacité plus spécifique sur le  
terrain. Cependant, cette approche ne contourne pas le problème du polymorphisme et le 
développement de ces marqueurs s'avérera probablement ardu. 
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1.10 Marqueurs mitochondriaux et plan de recherche
Une autre approche prometteuse est le développement de marqueurs moléculaires 
mitochondriaux pour les CMA. Au lieu de viser à développer des marqueurs dans des gènes 
nucléaires hétérogènes, il semble une bonne alternative d’utiliser un système génétique 
différent en ciblant le génome mitochondrial, qui a été démontré homogène au sein d'un même 
isolat (Lee & Young, 2009; Formey et al., 2012). L'ADN mitochondrial est depuis longtemps 
considéré comme un outil de choix en biologie évolutive en raison de son taux de mutation 
élevé, ainsi que le fait qu'un individu possède généralement un seul haplotype mitochondrial, 
hérité maternellement, sans présence de recombinaison. (Birky et al., 1978; Birky, 2001; Sato 
& Sato, 2012).
Cependant, étant donné le mode de vie particulier des CMA, une meilleure compréhension des 
processus évolutifs mitochondriaux est nécessaire afin de valoriser l'utilisation de tels 
marqueurs dans des études de diversité et en génétique des populations. En ce sens, mon projet 
de doctorat consistait à étudier: (i) les vecteurs de divergences inter-isolats et -espèces 
phylogénétiquement apparentées (ii) la plasticité des génomes mitochondriaux (iii)
l'héritabilité mitochondriale et les mécanismes potentiels de ségrégation, ainsi que (iv) la 
diversité mitochondriale intra-isolat in situ.
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Mise en contexte (Chapitre 2) - quels sont les vecteurs de divergence 
mitochondriaux inter-isolats et -espèces ?
Le génome mitochondrial des champignons contient une proportion élevée d’introns, 
ce qui pourrait donner lieu à du polymorphisme de taille au niveau des gènes entre différentes 
espèces. De plus, l’absence de variation intra-isolat pour une région mtLSU a été démontré 
chez les CMA, mais il y avait cependant présence de polymorphisme inter-isolat (Raab et al.,
2005). Cela est intéressant dans le sens où le développement de marqueurs mitochondriaux 
permettrait éventuellement de faire la distinction entre deux isolats d’une même espèce. Le 
premier génome mitochondrial publié, celui de Glomus irregulare FACE#494 (Lee & Young, 
2009), confirma l'homogénéité de l'ADN mitochondrial, mais aussi la présence de nombreux 
éléments mobiles dans les régions inter-géniques. La publication de ce génome était 
considérée comme une pierre angulaire de la recherche sur les CMA puisque cela ouvrait la 
porte à la génomique mitochondriale comparative de différentes espèces et isolats de CMA 
(Lang & Hijri, 2009). Dans cette optique, deux études subséquentes comparèrent la divergence 
mitochondriale entre cinq isolats de Glomus irregulare (Formey et al., 2012) et deux espèces 
phylogénétiquement apparentées (Beaudet et al., 2013a).
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Arbuscular mycorrhizal fungi (AMF) are common and important plant symbionts. 
They have coenocytic hyphae and form multinucleated spores. The nuclear genome of AMF is 
polymorphic and its organization is not well understood, which makes the development of 
reliable molecular markers challenging. In stark contrast, their mitochondrial genome 
(mtDNA) is homogeneous. To assess the intra- and inter-specific mitochondrial variability in 
closely related Glomus species, we performed 454 sequencing on total genomic DNA of 
Glomus sp. isolate DAOM-229456 and we compared its mtDNA with two G. irregulare
isolates. We found that the mtDNA of Glomus sp. is homogeneous, identical in gene order 
and, with respect to the sequences of coding regions, almost identical to G. irregulare.
However, certain genomic regions vary substantially, due to insertions/deletions of elements 
such as introns, mitochondrial plasmid-like DNA polymerase genes and mobile open reading 
frames. We found no evidence of mitochondrial or cytoplasmic plasmids in Glomus species, 
and mobile ORFs in Glomus are responsible for the formation of four gene hybrids in atp6, 
atp9, cox2 and nad3, which are most probably the result of horizontal gene transfer and are 
expressed at the mRNA level. We found evidence for substantial sequence variation in defined 
regions of mtDNA, even among closely related isolates with otherwise identical coding gene 
sequences. This variation makes it possible to design reliable intra- and inter-specific markers.
2.2 Keywords
Arbuscular mycorrhizal fungi; Mitochondrial Genome; Comparative Mitochondrial 
Genomics; Plasmid related dpo; mobile endonuclease ORFs; Horizontal Gene Transfer.
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2.3 Introduction
Arbuscular mycorrhizal fungi (AMF) are plant root-inhabiting obligate symbionts that 
form symbiotic associations with approximately 80% of plant species (Wang & Qiu, 2006;
Smith & Read, 2008). This symbiosis helps plants to acquire nutrients and protects them from 
soil-borne pathogens (Azcón-Aguilar & Barea, 1997; St-Arnaud & Vujanovic, 2007) by
inducing plant resistance (Datnoff et al., 1995; Cordier et al., 1998; Pozo et al., 2002; Ismail 
& Hijri, 2012) or inhibiting pathogen growth (Ismail et al., 2011). In return, plants provide 
carbohydrates, which AMF cannot acquire from extracellular sources. They are an important 
component of soil microbial communities, as they are able to exchange their genetic material 
between compatible isolates through a process called anastomosis (Croll et al., 2009). The 
latter have been hypothesized to be an important factor in maintaining the genetic diversity 
found in Glomeromycota and to attenuate the effect of genetic drift within a population (Bever 
& Wang, 2005; Corradi et al., 2007; Croll et al., 2009; Angelard & Sanders, 2011; Colard et 
al., 2011). AMF are currently thought to reproduce clonally, based on the absence of a 
recognizable sexual stage (or apparatus). However, this hypothesis has been challenged by the 
identification of many orthologues of sexually-related genes (Halary et al., 2011; Sanders, 
2011; Tisserant et al., 2012), which suggests at least the presence of cryptic recombination.
AMF spores and hyphae are multinucleated, but their true genetic organization is currently 
under debate (Kuhn et al., 2001; Pawlowska & Taylor, 2004; Bever & Wang, 2005; Hijri & 
Sanders, 2005; Pawlowska & Taylor, 2005). However, evidence strongly suggests that nuclei 
can be genetically divergent within an AMF individual. Thus, AMF are characterized by 
considerable within-isolate nuclear genetic diversity even at the expression level (Boon et al.,
2010). The presence of such diversity in AMF individuals/populations (Boon et al., 2010;
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VanKuren et al., 2013), combined with a lack of molecular data, have hindered the use of 
nuclear markers to assess questions on community structure, diversity and function. In 
contrast, AMF mitochondrial (mt) DNA is homogeneous within single isolates (Raab et al.,
2005; Lee & Young, 2009), making it a good target for marker development. Following this 
logic, the mitochondrial large subunit (LSU) rRNA gene has been explored for its usefulness
as a marker (Raab et al., 2005; Börstler et al., 2008; Thiéry et al., 2010), although determining 
its specificity at the isolate level is still challenging for all AMF taxa aside from the model 
species G. irregulare.
Comparative AMF mitochondrial genomics has been proposed as an approach to open up new 
possibilities for development of strain-specific molecular markers (Lang & Hijri, 2009; Lee & 
Young, 2009; Formey et al., 2012) given that the type of mitochondrial marker necessary to 
establish specificity at different divergence levels may vary. This approach has been shown to 
be a powerful tool for the study of evolutionary relationships among lower fungi (Seif et al.,
2005). Unfortunately, only three AMF mitochondrial genomes had been published until 
recently, including that of Glomus intraradices (Lee & Young, 2009; Formey et al., 2012)
(renamed to G. irregulare (Stockinger et al., 2009) and changed again recently to Rhizophagus 
irregularis based on an exhaustive molecular phylogeny of rRNA genes (Krüger et al., 2012);
in the present paper, we will use the older nomenclature) as well as those of two distant AMF 
species, Gigaspora rosea and Gigaspora margarita (Nadimi et al., 2012; Pelin et al., 2012).
Compared to G. irregulare, the Gigasporaceae genomes have an inflated mitochondrial 
genome size that is mainly the result of extended intergenic regions. These regions are not 
syntenic and both genomes harbor cox1 and rns genes with exons encoded on different 
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strands, whose products are joined at the RNA level through either trans-splicing events of 
group I introns, or base-pairing. The mitochondrial protein sequences in the dataset were 
sufficient to confirm the phylogenetic relationship of AMF with Mortierellales as a sister 
group. This shows that a broader sampling of AMF mtDNA can answer questions about the 
evolution of these ecologically important fungi. Formey et al. (2012) have recently sequenced 
four isolates of G. irregulare (Formey et al., 2012) and were able to develop isolate-specific 
markers using variable regions that were created by the insertion of mobile elements. 
Those elements, including linear or circular plasmids and mobile ORF encoding 
endonucleases (mORFs), are present in a broad range of fungal mitochondrial genomes (For 
review see (Hausner, 2012)). Plasmids are autonomously-replicating circular or linear 
extrachromosomal DNA molecules. They are found in three broad types: circular plasmids 
encoding a DNA polymerase gene (dpo) (Griffiths & Yang, 1995), linear plasmids with
terminal inverted repeats encoding either a dpo or rpo (RNA polymerase) gene or both 
(Klassen & Meinhardt, 2007), and retroplasmids, which usually encode a reverse transcriptase 
(Kennel & Cohen, 2004). Free linear or circular plasmids encoding dpo can be present in the 
mitochondria of fungi (Griffiths & Yang, 1995) and plants (Brown & Zhang, 1995). Segments 
have been shown to integrate within the mtDNA of fungi (Bertrand & Griffiths, 1989; Cahan 
& Kennell, 2005; Ferandon et al., 2008), but plasmid-related dpo insertions tend to fragment, 
shorten (since they are not selected for) and eventually disappear from mitochondrial 
genomes. Plasmid-related dpo insertions have been reported in the AMF Gigaspora rosea, but 
are virtually absent from the closely related paraphyletic zygomycetes. The mobility of 
mORFs, elements that thrive in Glomus, is mediated by the site-specific DNA endonuclease 
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they encode. This endonuclease cleaves ORF-less alleles by creating a double-strand break in 
DNA and initiates the insertion and fusion of the mobile element. The same process, called 
intron homing, has been proposed for group I introns (Dujon, 1980). Several lines of 
phylogenetic evidence support the hypothesis of the evolutionary-independent ancestral 
origins of mORFs (Bell-Pedersen et al., 1990). These highly mobile elements have the ability 
to carry group I introns (Dalgaard et al., 1993), intergenic sequences (Sharma et al., 1992),
and coding sequences (Eddy, 1992). The first reported case of mitochondrial gene transfer 
caused by those elements was a mORF-mediated insertion of a foreign atp6 carboxy-terminal 
in the blastocladiomycete Allomyces macrogynus (Paquin et al., 1994).
The present study compared the mitochondrial genomes of the newly sequenced AMF species 
Glomus sp. DAOM226456 (a Glomus diaphanum-like species based on spore morphology) 
with two isolates of the closely related G. irregulare. Along with a highly divergent intron 
insertion pattern, we found insertions of plasmid-related DNA polymerase and propagation of 
mobile open reading frame (mORFs) encoding endonucleases in Glomus mtDNAs. Our 
findings have brought to light the first evidence of AMF interspecific exchange of 
mitochondrial coding sequences entailing formation of gene hybrids in Glomus sp. atp6, atp9 
(coding for the subunit 6 and 9 of the ATP synthetase complex), cox2 (cytochrome C oxidase 
subunit 2) and nad3 (NADH dehydrogenase subunit 3) genes.
2.4 Materials and Methods 
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2.4.1 Fungal material
Spores and mycelium of Glomus sp. (DAOM-229456) and G. irregulare (DAOM 
197198) were cultivated in vitro on a minimal (M) medium with carrot roots transformed with 
Agrobacterium rhizogenes, as described in the literature (Bécard & Fortin, 1988). The medium 
was liquefied using a 0.82 mM sodium citrate and 0.18 mM citric acid extraction buffer 
solution. The resulting fungal material was further purified by hand under a binocular 
microscope, to remove root fragments.
2.4.2 DNA extraction
Spores and mycelium were suspended in 400 µL of the DNeasy Plant Mini Kit AP1 
buffer (Qiagen) and crushed with a pestle in 1.5 ml microtubes, and the DNA was purified 
according to the manufacturer's recommendations. Purified DNA in a final elution volume of 
40 µL was stored at -20 ºC until use.
2.4.3 RNA extraction
Fresh Glomus sp. fungal material was harvested from in vitro cultures. RNA extraction 
was performed using an E.Z.N.A. Fungal RNA Kit (Omega Biotek) according to 
manufacturer's recommendations. Total RNA was treated with Turbo DNase (Applied 
Biosystems) for 30 min at 37 °C to remove residual DNA fragments that could interfere with 
downstream applications. In order to prevent chemical scission of the RNA during heat 
inactivation of the DNase at 75 °C for 15 min, EDTA was added at a final concentration of 15 
mM. In total, 40 µl of 100 ng/µl RNA was collected and stored at -80 °C until use. The RNA 
concentration was determined using a Nanophotometer Pearl (Implen).
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2.4.4 cDNA synthesis
From the total RNA previously extracted, 500 ng were used for cDNA synthesis with 
the SuperScript III reverse transcriptase kit (Life Technologies, Canada) according to 
manufacturer's recommendations, using oligo dT. The only change from these 
recommendations was the addition of MgCl2 to a final concentration of 15 mM to compensate 
for the EDTA added in the previous step. In order to remove RNA complementary to the 
cDNA, 1 µl of RNase ONE ribonuclease (Promega, Canada) was added to the cDNA and 
incubated at 37°C for 20 min. The resulting cDNA was stored at -20°C until use.
2.4.5 Polymerase chain reaction (PCR)
The proposed intergenic markers to discriminate between G. irregulare DAOM197198 
and Glomus sp. were tested by PCR using the KAPA2G Robust Hotstart ReadyMix PCR kit 
(KapaBiosystems, Canada). The specific primers used were respectively rnl-
cox2_197198_spec_F (5'-AAAGGAATTACATCGATTTA-3'), rnl-cox2_197198_spec_R (5'-
ACAAGAAGGTTTGCATCGCTA-3'), nad6-cox3_dia_spec_F (5'-
CCACTAGTTAAGCTACCCTCTA-3') and nad6-cox3_dia_spec_R (5'-
AATCATACCGTGTGAAAGCAAG -3'). The variable length primers were rnl-
cox2_197198_size_F (5'- TAGGGATCAGTACTTTAGCCAT -3'), rnl-cox2_197198_size_R 
(5'- TCCTTACGGTATGAATGGTAAG -3'), rnl-cox2_dia_size_F (5'-
AGACTTCTTCAGTTCCACAATCA -3') and rnl-cox2_dia_size_R (5'-
ATGGCTAAAGTACTGATCCCTAC -3'). For 40 µl of PCR reaction volume, 12 µl of water, 
20 µl of 2X PCR buffer, 3.5 µl of (5 µM) forward and reverse primers, and 1 µl of DNA were 
added. Cycling parameters were 94 °C /3 min, followed by 38 cycles of: 94 °C /30 sec, 54 °C 
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/25 sec, 72 °C /45 sec and a final elongation at 72 °C. PCR products were separated by 
electrophoresis in a 1.5% (w/v) agarose gel and visualized with GelRed under UV light.
2.4.6 Reverse transcriptase - polymerase chain reaction (RT-PCR)
Our objective with regard to PCR reactions on cDNA was to assess which regions of 
the gene hybrid reported in atp6, atp9, cox2 and nad3 were expressed at the mRNA level. For 
each of the four hybrids, a forward primer designed in the conserved 'core' structure of the 
gene (atp6_core_F: 5'-AGAGCAGTTTGAGATTGTTAAG-3', atp9_core_F: 5'-
CTGGAGTAGGAGTAGGGATAGT-3', cox2_core_F: 5'-
CATGGCAATTAGGATTTCAAGA-3' and nad3_core_F: 5'-
TCGTTCCTTTGTTCGTGCTA-3') was used in combination with three reverse primers 
designed respectively in the inserted C-terminal (atp6_insert_R1: 5'-
AGCCTGAATAAGTGCAACAC-3', atp9_insert_R1: 5'-
GTAAGAAAGCCATCATGAGACA-3', cox2_insert_R1: 5'-
TGAGAAGAAAGCCATAACAAGT-3' and nad3_insert_R1: 5'-
AGAAGTATGAAAACCATAGCAATC-3'), the mobile ORF (atp6_mORF_R2: 5'-
AGTCTTCGAATATACTGGCAG-3', atp9_mORF_R2: 5'-
TGTCGAGTCTCCAAAGTATGT-3', cox2_mORF_R2: 5'-
ACTGAATTCCTGTGTTTCGATCT-3' and nad3_mORF_R2: 5'-
TGACGAATGGTTAGACGATGT-3') and the native C*-terminal portion of the 
corresponding gene (atp6_native_R3: 5'-CGTACCGTCGTAACAAGTAGA-3', 
atp9_native_R3: 5'-CCATCATTAAGGCGAATAGA-3', cox2_native_R3: 5'-
CTAACAAACTCCCGACTATTACCT-3' and nad3_native_R3: 5'-
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AGAATGAAGACCATTGCAAC-3'). To verify that there was no residual mitochondrial 
DNA in the cDNA, the primers Ctrl_positive_nad5exon4_689F (5’-
ACCATTCTGTTATGTTCTAATGT-3’) and Ctrl_positive_nad5exon4_689R (5’-
GTCTGACTTAGCAGGTTAGTTAAG-3’) were designed in nad5 exon 4 and used as a 
positive control on cDNA and negative control on RNA. The RT-PCR reactions were carried 
out using the KAPA2G Robust Hotstart ReadyMix PCR kit (KapaBiosystems, Canada) as 
described above in the PCR section. 
2.4.7 Cloning
Cloning reactions were performed on each successful RT-PCR amplification. The 
ligation reactions were done using the pGEM-T Easy Vector Systems kit (Promega, Canada) 
according to manufacturer's recommendations. The transformation was carried out in E. coli
DH5 alpha competent cells. Bacterial colonies were screened via PCR using T7 and SP6 
universal primers as described in the PCR section.
2.4.8 Sequencing, assembly and gene annotation
Glomus sp. total DNA was sequenced using 454 Titanium Flex shotgun technology 
(one plate) and the respective resulting 1,078,190 reads were assembled with Newbler 
(Genome Quebec Innovation Center, McGill University, Montreal, Canada). Gene annotation 
was performed with MFannot (http://megasun.bch.umontreal.ca/cgi-
bin/mfannot/mfannotInterface.pl), followed by manual inspection and introduction of missing 
gene features as described in Nadimi et al., (2012). G. irregulare isolates 494 and DAOM-
197198 mtDNAs (accession numbers FJ648425 and HQ189519 respectively) were used for 
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comparison. Sequencing of the cloned RT-PCR products was performed on the same 
sequencing platform, using Sanger technology with T7 and SP6 universal primers.
2.4.9 Phylogenetic analysis
For each gene of interest (atp6, atp9, cox2 and nad3) in 12 AMF species, the dataset 
contains the corresponding C*-terminal for: Glomus sp. DAOM-229456, G. irregulare isolate 
494, G. irregulare DAOM-197198, G. irregulare DAOM-240415, G. irregulare DAOM-
234179, G. irregulare DAOM-234328, G. irregulare DAOM-213198, Glomus sp. DAOM-
240422, G. fasciculatum DAOM-240159, G. aggregatum DAOM-240163, G. cerebriforme
DAOM-227022, Gigaspora rosea DAOM-194757 (accession number JQ693396) and 3 
selected fungal representatives: Mortierella verticillata (accession number AY863211), 
Smittium culisetae (accession number AY863213) and Rhizopus oryzae (accession number 
AY863212). The sequences were deposited in databases under the accession numbers: 
JX074786-JX074817. The reference phylogeny was constructed using the concatenated 'core' 
sequence (without the C*-terminal portion used previously) of the same four genes. The DNA 
sequence alignments and the inference of maximum likelihood trees using GTR+G (with five 
distinct gamma categories) were performed using the integrated program MEGA version 5 
(Tamura et al., 2011). Bootstrap resampling (1000 replicates) was carried out to quantify the 
relative support for each branch of the trees. Bayesian analysis were done using MrBayes 
version 3.2 using the GTR+G model (with five distinct gamma categories), four independant 
chains, one million cycles, tree sampling every 100 generations and a burn-in value of 25%.
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2.5 Results and Discussion
2.5.1 Glomus sp. genome organization and structure
The complete sequence of the Glomus sp. 229456 mt genome was a double-stranded 
circular DNA molecule, exempt of polymorphism, with a size of 87,763 bp. The annotated 
sequence of Glomus sp. was deposited in GenBank under the accession number JX065416. Its 
mtDNA harbors the typical set of 41 mitochondrial genes found in other AMF (two rRNAs, 14 
protein coding genes (PCGs) and 25 tRNAs). The PCGs include three ATP synthetase (atp), 
one cytochrome b (cob), three cytochrome C oxydase (cox) and seven NADH dehydrogenase 
(nad) genes. Also, 19 ORFs and 31 introns are inserted in this newly sequenced mt genome 
(Figure 2.1).
2.5.2 Comparative view of three Glomus mtDNAs 
The gene content in Glomus sp. and G. irregulare mitochondrial genomes is similar to 
that found in zygomycetes, except for rps3 and rnpB. The mtDNAs of both AMF species have 
the same gene order, and all genes are transcribed from one strand with very similar coding 
regions except for the insertion of mobile ORF elements (mORFs) in the atp6, atp9, cox2 and 
nad3 genes of Glomus sp. (Figure 2.2). However, there are many differences in the number of 
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Figure 2.1. The Glomus sp. DAOM-229456 mitochondrial genome circular-map, opened 
upstream of rnl. Genes on the outer and inner circumference are transcribed in a clockwise 
and counterclockwise direction, respectively. Gene and corresponding product names areatp6, 
8, 9, ATP synthase subunit 6; cob, apocytochrome b; cox1–3, cytochrome c oxidase 
subunits; nad1–4, 4L, 5–6, NADH dehydrogenase subunits; rnl, rns, large and small subunit 
rRNAs; A–W, tRNAs, the letter corresponding to the amino acid specified by the particular 
tRNA followed by their anticodon. Open reading frames smaller than 100 amino acids are not 
shown.
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Figure 2.2. Comparative view of the three mitochondrial genomes linear maps. The exons 
(black), introns (white), rDNA (gray), dpo plasmid insertions (red), ORFs (blue) and mobile 
endonuclease (yellow) are represented. Divergence in intron insertion pattern is indicated by 
projections. A hyper-variable region in the cox3-rnl intergene is boxed in grayscale.
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introns, some of which carry more substantial sequence differences than do the coding 
sequences. The differences in the presence of introns and mORFs explain the inflated genome 
size of 87,763 bp in Glomus sp., as compared to 70,800 bp in G. irregulare 197198 (Table 
2.1). Glomus sp. cox1 intron 8 is the homolog of an intron inserted at the same position in 
Rhizopus oryzae and angiosperms (with 76 and 79% of sequence identity, respectively) (Lang 
& Hijri, 2009). G. irregulare cox1 intron 7 is also inserted at the same position, but has an 
eroded ORF encoding the homing endonuclease gene, and thus also shares identity with the 
intron RNA secondary structure of R. oryzae and plants. The plant cox1 intron was thought to 
have been acquired from a fungal donor, due to the proximity of its clade to that of fungi
Table 2.1. Gene and intron content in AMF and selected fungal mtDNAs.
rather than to the non-vascular plant Marchantia. Knowing the extent to which the intron has 
spread in angiosperms (Cho et al., 1998; Sanchez-Puerta et al., 2008), it would be interesting 
to see whether such an invasion has also occurred within the Glomeromycota phylum.
Further, intergenic regions differ substantially in sequence: some are identical while others 
show signs of very fast, substantial changes including point mutations, insertions, deletions 
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and inversions (Figures 2.2 and 2.3). Most of these differences occur in the cox3-rnl intergene, 
a large hyper-variable region that has been invaded by dpo fragments. The variations observed 
in intergenic regions provide an opportunity to develop species- specific molecular markers as 
shown in Figure 2.3, and even isolate-specific markers or methods allowing reliable 
identification and/or quantification of these fungi. Lack of efficient and powerful molecular 
Figure 2.3. Schematic alignment representation of two mitochondrial intergenic regions 
(rnl-cox2 and cox3-nad6) showing the presence of numerous insertions and deletions 
(indels). A) The red arrows indicate the approximate position of the PCR primers that yield 
strain-specific markers, while the green arrows indicate the position of PCR primers that 
produce a size-specific marker. The yellow and orange arrows indicate potential regions to 
design, respectively, specific and size-specific markers in G. irregulare 494. B) Agarose gel 
electrophoresis figure showing the PCR results of the proposed markers on Glomus sp. 229456 
(Gs) and G. irregulareDAOM197198 (Gi) respectively for each marker. Marker 1 shows 
the Glomus sp.specific amplification (156 bp), while marker 2 shows the G. irregulare 197198
specific marker (263 bp). The size-specific marker 3 yield a length of 160 bp forGlomus 
sp. and 226 bp for G. irregulare 197198. Finally, the size-specific marker 4 yield a length of 
159 bp for Glomus sp. and 131 bp for G. irregulare 197198.
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markers for AMF identification and quantification constitutes a major problem that limits the 
analysis of population genetics and field studies in AMF. Mitochondrial DNA is homogeneous 
within the AMF individuals studied to date, but evidence of genetic polymorphism between G. 
irregulare isolates has been observed in intergenic regions. They harbor highly conserved
genes as well as highly variable regions, which promises to facilitate AMF barcoding at 
different taxonomic levels, an analysis that is currently challenging to carry out using nuclear 
genes. Hyper-variable intergenic regions with eroded dpo insertions and indels in intergenic 
regions constitute useful mitochondrial areas on which to focus attention in order to develop 
suitable markers for discriminating isolates of the same species. Intron insertion pattern 
variations, genome reorganizations (such as gene shuffling) and coding region divergences 
will make it possible to distinguish between different AMF species, genera and families.
Our 454 pyrosequencing data and direct PCR sequencing showed that G. irregulare 
DAOM197198 and Glomus sp. mtDNAs are homogeneous, meaning that all the mitochondrial 
genomes in a given isolate are essentially identical, in stark contrast to the nuclear genomes. 
Our results confirm the previous report by Lee et al. (2009) suggesting homoplasmy in the 
first completed Glomeromycota mitochondrial genome of the AMF G. intraradices (G. 
irregulare isolate 494). A rapid and effective mitochondrial segregation mechanism was 
suggested to explain those findings. It was previously demonstrated that isolates of the same 
species can exchange nuclear material through anastomosis (Croll et al., 2009), but exchange 
of divergent mitochondrial haplotypes has yet to be shown. This leads us to question whether 
polymorphism does indeed occur through anastomosis, and for how many generations 
mitochondrial heteroplasmy is maintained. 
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2.5.3 Rapid expansion of plasmid-like DNA polymerase sequences in Glomus
Plasmid-related DNA polymerase genes are found in mobile mitochondrial plasmids 
that occur either as free linear or circular DNAs, and have been shown to also insert into 
mtDNA (for review see (Hausner, 2012)). One striking feature in the comparison of the two 
closely related Glomus species is the presence of numerous dpo insertions in the intergenic 
regions of their mtDNA (Figure 2.2). All three Glomus mtDNAs contain a large number of 
dpo fragments, most of which are substantially divergent in sequence and therefore are most 
likely the result of independent plasmid insertion events. Even the two G. irregulare (isolates 
494 and DAOM197198), otherwise almost identical in sequence, differ in dpo sequence, 
which supports the interpretation that dpo insertion occurs repeatedly and frequently through 
evolutionary time. A bona fide and complete dpo gene is present in Glomus sp., and its 
sequence is different from those in G. irregulare isolates. Because of its complete length, it 
most likely results from a recent insertion event. There is no evidence that dpo is functional
when inserted in mtDNA. As in numerous other cases, dpo coding regions are fragmented in 
Glomus and occur on both strands, representing a good indicator of a genomic region 
experiencing little if any selective evolutionary constraints. 
The source of the dpo insertions in Glomus mtDNA remains elusive. We did not find any free 
mitochondrial plasmids in our Glomus sp. and G. irregulare isolate DAOM197198 shotgun 
data (combining nuclear and mitochondrial DNAs), as we did for Gigaspora rosea, where a 
3582 bp contig with high sequence coverage was found (Nadimi et al., 2012). However, since 
the Glomus strains used in this study come from aseptic in vitro cultures, and even though the 
G. rosea fungal material was extracted from in vivo greenhouse pot cultures, we cannot rule 
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out the possibility that an environmental vector is the source of dpo plasmids and is 
responsible for their propagation in G. rosea. Interestingly, dpo plasmids have been found to 
occur in numerous plants, notably in Daucus carota (Robison & Wolyn, 2005) which is used 
as a host plant for AMF cultures in vitro. The obligate biotrophic dependence of AMF on 
plants could be one of the reasons that dpo insertions are most abundant in Glomus mtDNAs 
yet virtually absent in mitochondrial sequences of the Blastocladiomycota (except for a single 
100 amino acid long fragment occurrence in Smittium culisetae mtDNA), which is the closest 
phylogenetic group to the Glomeromycota. 
Mobile element insertions have been shown to trigger genomic rearrangements such as gene 
shuffling through homologous recombination (Brügger et al., 2004) and even genome 
linearization (Biessmann et al., 1992; Fricova et al., 2010; Hausner, 2012). Whenever 
sequence repeats occur, more than one genome conformation may exist, but we have no 
evidence that this happens in Glomus mtDNA. It would be interesting to examine whether 
numerous recent dpo insertions with high sequence similarity might act as genomic repetitions 
and give rise to genome reorganization in closely related AMF species. Integrated plasmid 
segments within mitochondrial genomes, even though they are neutral or cryptic, could 
promote genomic rearrangements.
2.5.4 Mobile ORF elements (mORFs) in Glomus
Although most ORF-encoding endonuclease genes are inserted in introns where they 
have been shown to play a role in propagation, they can also be present in genes in which their 
evolutionary impact is less obvious. We identified numerous mORFs encoding endonuclease 
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genes unique to Glomus sp. isolate DAOM-229456 mtDNA. When we annotated the 
sequences of the atp6, atp9, cox2 and nad3 genes, we observed that they all have a peculiar 
organization. Indeed, these genes harbor a carboxy-terminal duplication (C*-terminal) that 
was found downstream of a mORF insertion. For example, in the atp6 gene, the duplicated 
portion of the C-terminal was found about 1000 bp downstream, following an inserted 
LAGLIDADG endonuclease ORF. When we compared the DNA sequence of the C*-terminal 
portion with the corresponding sequence of G. irregulare isolate 494, a close relative to 
Glomus sp., we found a 91.2% nucleotide identity. In contrast, the comparison between the 
Glomus sp. atp6 duplicated carboxy-terminals (C-terminal and C*-terminal) showed a low 
sequence identity of 63.5%. Interestingly, comparison of the Glomus sp. C*-terminal amino 
acid sequences with the corresponding portion in G. irregulare showed 100% identity, 
indicating that the mutations observed in DNA are all synonymous. However, the comparison 
of the amino acid sequences of Glomus sp. atp6 carboxy-terminals showed 91% identity.
Surprisingly, when we designed a forward primer in the upstream sequence (5' gene portion) 
and two reverse primers in the C-terminal and C*-terminal respectively, we found that the C-
terminal is transcribed with the upstream sequence resulting in a putative hybrid transcript 
while the C*-terminal was not expressed into mRNA. Thus we hypothesized that the C-
terminal portion could have been acquired from a donor through horizontal gene transfer 
(HGT). We also observed similar organization in atp9, cox2 and nad3 genes of Glomus sp.
where the carboxy-terminal portion (C*-terminal) was replaced partially or completely by one 
carried by a mORF (C-terminal) encoding a LAGLIDADG endonuclease (except in atp9, a 
GIY-YIG family endonuclease)  (Figure 2.4A: a, b, c and d). In atp6, the insert lacks a stop 
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codon and the ORF is in phase with the native gene. In atp9, the insert, along with the mORF, 
completely replaces the native 3' end, while in cox2 and nad3 only a portion of the carboxy-
terminal is replaced (Table 2.2). The resulting gene hybrids are expressed at the mRNA level 
in all four cases as shown in Figure 2.4B. After sequencing of the cDNA bands, we found that 
the mORF and the inserted C-terminal are integral parts of the transcript in all four genes. 
However, in atp6 and cox2, the native C*-terminal was not expressed into mRNA.  
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Figure 2.4. Comparison of gene hybrids found in atp6, atp9, cox2 and nad3. A)
The atp6 gene hybrid reported for Allomyces macrogynus (grayscale, boxed) is used as a 
reference in a comparison of the most similar atp6 (a), atp9 (b), cox2(c) and nad3 (d) genes 
in Glomus sp. mtDNA. Each occurrence is put in perspective with the gene of a close relative 
(either Allomyces arbusculus or G. irregulare) in order to show the insertion point of the 
foreign element with the projections. Exons are in black, while the inserted foreign C-terminal 
is shaded in gray. The mobile endonuclease element is in yellow. For each gene, the black 
arrow indicates the position of the forward primer used in the downstream RT-PCR 
experiment in combination with three different reverse primers. The green arrows indicate 
expression at the RNA level of the corresponding portion of the gene, while the red arrows 
indicate a negative amplification. B) Agarose gel electrophoresis figure showing the RT-PCR 
results. For each gene hybrid, the expression at the RNA level was tested using a forward 
primer in the conserved gene core and a reverse primer respectively in the inserted C-terminal 
(1), the mobile endonuclease (2) and the native C*-terminal portion (3). Primers in nad5 exon 
4 were used as a positive control on cDNA (RT +) and negative control on RNA (RT 	
expected size of the amplified fragments was: atp6 inserted C-terminal (684 bp),atp9 inserted 
C-terminal (149 bp), atp9 mORF (717 bp), atp9 native C*-terminal (1085 bp), cox2 inserted 
C-terminal (938 bp), cox2 mORF (1291 bp), nad3inserted C-terminal (261 bp), nad3 mORF 
(597 bp), nad3 native C*-terminal (1183 bp) and the positive control in nad5 exon 4 had an
expected amplicon size of 689 bp. The red box indicates a faint band that is present on the gel.
Table 2.2. Description of the gene hybrids found in Glomus sp. 229456 mtDNA.
These gene hybrid structures are similar to that of the atp6 gene previously described in the 
Allomyces macrogynus (Figure 2.4, grayscale box), a species that belongs to the basal fungal 
phylum Blastocladiomycota (Paquin et al., 1994). The same scenario has also been observed 
in the Rhizopus oryzae atp9 and Mortierella verticillata cox2 genes (Seif et al., 2005). These 
hybrids contain a carboxy-terminal duplication as well as a mORF encoding an endonuclease, 
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which has been biochemically demonstrated to be responsible for the element mobility. In 
Allomyces macrogynus, the inserted C-terminal was shown to have been recently acquired by 
HGT based on the divergence in sequence it had with the native C*-terminal, while the latter 
had a perfect sequence identity with the corresponding gene portion of the closely related 
species Allomyces arbusculus.
2.5.5 Evidences of horizontal gene transfer between Glomus spp.
The Glomus sp. atp6, atp9, cox2 and nad3 native C*-terminals  showed higher 
nucleotide sequence identity to those of G. irregulare 494 (91, 98, 93 and 98%, respectively) 
than their duplicated C-terminal counterparts (64, 71 and 81 and 73%, respectively) 
(Supplementary information, Figures S2.1 to S2.4 and Tables S2.1 to S2.4). However at the 
protein level, the comparison of the C*-terminal amino acid sequences of the atp6, atp9, cox2
and nad3 genes with the corresponding portion in G. irregulare 494 was 100% for atp6, 94% 
for atp9, and 100% for cox2 and nad3. The high sequence identity of the native Glomus sp.
C*-terminals with G. irregulare 494, is in stark contrast to the low similarity observed with 
the inserted C-terminal portions and points to a recent HGT event, as was described in 
Allomyces spp. (Paquin et al., 1994).  However, the HGT hypothesis could likely apply to the 
atp6 and cox2 genes, since their native C*-terminal portion is no longer translated and could 
undergo rapid divergence. For the atp9 and nad3 hybrids, even though it is less parsimonious, 
the observed sequence divergence between the duplicated portions could have been caused by 
independent evolution following the mobile element insertion, since both are expressed in the 
mRNA transcript. It would also be interesting to see if some of the reported gene hybrids can 
still accomplish their functions at the protein level, given that the mORF and both C*-
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terminals are expressed in some cases. They are apparently expressed pseudogenes but post-
translational modification mechanisms may be in place to ensure that the resulting protein is 
functional. We did not find a mORF-less copy of those genes that could have been transferred 
to the Glomus sp. nuclear genome that could explain a pseudogenization in Glomus sp.
mtDNA.
In regards to the HGT hypothesis, and in order to evaluate whether there is a plausible donor 
for the duplication, we compared the carboxy-terminal sequence of these genes with those in 
11 Glomus spp. (to avoid redundancy we didn't add the G. margarita sequences since they are 
identical to G. rosea) and three phylogenetically related fungal representatives (Figure 2.5). In 
all four Glomus sp. gene hybrids (atp6, atp9, cox2 and nad3), the native C*-terminal 
sequences cluster within the Glomus spp. group as expected given the reference phylogeny 
(Figure 5, grayscale box), thereby supporting a recent insertion of the foreign element. The 
atp6 gene carboxy-terminal comparison (Figure 2.5A) shows that the mORF-derived C-
terminal is related to a Glomus sp. isolate DAOM213198 with a moderate 60% bootstrap 
value. Surprisingly, in atp9 (Figure 2.5B) the inserted C-terminal is even more distantly 
related to Glomus spp. than to G. rosea. In cox2 (Figure 2.5C) the Glomus sp. inserted C-
terminal and the more divergent AMF species G. cerebriforme are in the same cluster. Finally, 
the nad3 C-terminal clustered with Glomus sp. 213198, as it was the case for atp6, with a 79% 
bootstrap value (Figure 2.5D). Also, the nad3 gene shows high variability in length in Glomus 
spp., due to the insertion of those elements.
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Figure 2.5. Native and inserted C-terminals unrooted maximum likelihood phylogenetic 
trees. The first number at branches indicates ML bootstrap values with 1000 bootstrap 
replicates and the second number indicates posterior probability values of a MrBayes analysis 
with four independant chains. Bayesian inference predict similar trees (not shown). The 
concatenated tree of the atp6, atp9, cox2 andnad3 ‘core’ genes (without the duplicated C*-
terminal portion) (1489 alignment positions) of selected AMF representatives (grayscale 
boxed) are compared with those of the atp6 (298 alignment positions), where the red box with 
the asterisk point out to the reference Allomyces spp. HGT event (Figure 4) (A), atp9 (51 
alignment positions) (B), cox2 (106 alignment positions) (C) and nad3 (120 alignment 
positions) (D) C*-terminals. The Glomus sp. native C*-terminals are in blue, while the
inserted C-terminals are in red.
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In all four cases, the native Glomus sp. C*-terminal is nested within the Glomus spp. group 
and the inserted C-terminal is in a different cluster. Although it is difficult to pinpoint the 
donor of the sequence duplications, due to the possibly complex evolutionary history of those 
mobile elements with numerous insertion/loss events and 3' end reshufflings, our data suggest 
HGT from a foreign AMF species, and thus the first reported occurrence in Glomeromycota. 
The presence of foreign DNA elements could potentially hamper mitochondrial gene 
phylogeny analysis unless the foreign C-terminals are carefully removed from the native 
portion of the gene. 
2.6 Conclusion
The inclusion of mitochondrial sequences from phylogenetically distant AMF species 
in the database is essential for developing a better understanding and classification of AMF 
within fungi. The mitochondrial genome comparison presented here for two closely related 
AMF species reveals substantial changes in mitochondrial gene sequences, resulting from dpo
plasmid insertions and mobile ORFs invasions, along with intergenic sequence variation. This 
illustrates the importance of adding closely related species to the numerous isolates of the 
same species in the AMF mitochondrial genome collection. Comparative mitochondrial 
genomics, together with a broader sequencing effort in AMF, opens new avenues for the 
development of molecular markers at different evolutionary distances. It would be interesting 
to identify the source of plasmid-related DNA polymerase in AMF mtDNA, which should 
provide an estimate of the extent to which it is present within the Glomeromycota phylum and 
an assessment of the consequences on mitochondrial genome organization. Also, the mORF-
carried foreign C-terminal described here represents the first reported evidence of HGT in 
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AMF. The intimate relationship between AMF, the roots of their plant symbiont and soil 
microorganisms might be a perfect biological context to facilitate such transfers. To what 
extent the mobilome and HGT may have contributed to AMF evolution is a topic that merits 
exploration in future studies. 
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Mise en contexte (Chapitre 3) - quel est l'impact d'insertions d'éléments 
mobiles sur la plasticité des génomes mitochondriaux des CMA?
Le chapitre précédent démontre une grande divergence dans les régions intergéniques 
causée par l'insertion et l'érosion d'éléments mobiles comprenant entre autres des 'plasmid-
related DNA polymerase genes' (dpo) et des cadres de lecture ouverts encodant des 
endonucléases (mORFs). L'évolution rapide de ces génomes mitochondriaux, due à la 
présence de ces éléments considérés 'égoïstes', offre l'opportunité de développer des 
marqueurs permettant de discriminer des isolats et des espèces rapprochés de CMA (Corradi 
& Bonen, 2012). Cela constituait une avancée importante pour l'identification de souches, 
mais la présence de ces éléments mobiles soulevait des questions en ce qui a trait à leur impact 
sur l'organisation de la synténie mitochondriale. L'ADN mitochondrial a longtemps été 
considéré comme un outil de choix en biologie évolutive en raison de son taux de mutations 
élevé et la perception conventionnelle qu'un individu ne possède qu'un seul haplotype 
mitochondrial, hérité maternellement, sans présence de recombinaison (Birky et al., 1978;
Birky, 2001; Sato & Sato, 2012). Cependant, des études démontrèrent des cas de 
recombinaison mitochondriale et d'hétéroplasmie chez les animaux, mais particulièrement 
chez les plantes et les champignons, ce qui mena à une réévaluation de cette perception (Barr
et al., 2005; White et al., 2008). La recombinaison moléculaire est un important mécanisme 
évolutif qui permet l'élimination de mutations délétères et la création de nouveaux allèles dans 
une population. L'intégration d'éléments mobiles comme les dpo et les SIRs a été démontré 
être à l'origine de réarrangements génomiques par recombinaison homologue dans d'autres 
organismes, dont les champignons (Schofield et al., 1992; Bi & Liu, 1996; Paquin et al., 2000;
Ferandon et al., 2008; Tanaka et al., 2012). Cependant, l'impact de l'insertion de tels éléments 
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dans les génomes mitochondriaux des Gloméromycètes reste à déterminer. L'observation de 
recombinaison mitochondriale chez les CMA modifierait l'interprétation de plusieurs aspects 
de recherche, principalement pour les analyses phylogénétiques et en génétique des 
populations (Ballard & Whitlock, 2004).
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Comparative mitochondrial genomics of arbuscular mycorrhizal fungi (AMF) provide 
new avenues to overcome long-lasting obstacles that have hampered studies aimed at 
understanding the community structure, diversity, and evolution of these multinucleated and 
genetically polymorphic organisms. AMF mitochondrial (mt) genomes are homogeneous 
within isolates, and their intergenic regions harbor numerous mobile elements that have 
rapidly diverged, including homing endonuclease genes, small inverted repeats, and plasmid-
related DNA polymerase gene (dpo), making them suitable targets for the development of 
reliable strain-specific markers. However, these elements may also lead to genome 
rearrangements through homologous recombination, although this has never previously been 
reported in this group of obligate symbiotic fungi. In order to investigate whether such
rearrangements are present and caused by mobile elements in AMF, the mitochondrial 
genomes from two Glomeraceae members (i.e. Glomus cerebriforme and Glomus sp.) with
substantial mtDNA synteny divergence, were sequenced and compared with available 
glomeromycotan mitochondrial genomes. We used an extensive nucleotide/protein similarity 
network-based approach to investigate dpo diversity in AMF as well as in other organisms for 
which sequences are publicly available. We provide strong evidence of dpo-induced inter-
haplotype recombination, leading to a reshuffled mitochondrial genome in Glomus sp. These 
findings raise questions as to whether AMF single spore cultivations artificially underestimate 
mtDNA genetic diversity. We assessed potential dpo dispersal mechanisms in AMF and 
inferred a robust phylogenetic relationship with plant mitochondrial plasmids. Along with 
other indirect evidence, our analyses indicate that members of the Glomeromycota phylum are 
potential donors of mitochondrial plasmids to plants. 
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3.3 Introduction 
The association between arbuscular mycorrhizal fungi (AMF) and plant roots is one of 
the most widespread symbioses involving plants, and thus has an important role in terrestrial 
ecosystems (Smith & Read, 2008). In exchange for carbohydrates, AMF improve plant fitness 
by enhancing mineral nutrient and water uptake (Ruiz-Lozano et al., 1995). AMF have also 
been shown to alleviate salt stress (Evelin et al., 2009) and to provide protection against root 
pathogens (St-Arnaud & Vujanovic, 2007; Ismail & Hijri, 2012). Despite the fact that these
symbioses contribute to important services in natural, agricultural and reclaimed ecosystems 
(Gianinazzi et al., 2010), the species richness, community structure and functional diversity of 
AMF is not well understood (Wehner et al., 2010) due to a lack of reliable molecular tools. 
The intra-isolate genetic diversity of nuclear DNA and RNA sequences observed in AMF 
(Sanders et al., 1995; Kuhn et al., 2001; Pawlowska & Taylor, 2004; Stockinger et al., 2009;
Boon et al., 2010), has made it difficult to determine evolutionary relatedness at high levels of 
resolution (i.e. between genetically-similar species and/or isolates).
In contrast, the first mitochondrial (mt) genome sequenced from Glomus irregulare (synonym 
Rhizophagus irregularis; formerly G. intraradices) was shown to be homogeneous (Lee & 
Young, 2009), a state often referred to as homoplasmic. Since then, the mitochondrial large 
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subunit (LSU) rRNA gene has been explored for its usefulness as a marker (Raab et al., 2005;
Börstler et al., 2008; Thiéry et al., 2010), but determination of its specificity at the isolate 
level is challenging due to a lack of genetic variability. Recently, the mt genomes of six G. 
irregulare isolates (Formey et al., 2012) and a closely related species (Beaudet et al., 2013a)
were compared. Striking features of these datasets were the presence and variability among 
isolates of numerous mobile elements such as plasmid-related DNA polymerase genes (dpo), 
short inverted repeats (SIRs) and homing endonuclease genes (HEG), which have given rise to 
mitochondrial gene hybrids through horizontal gene transfer (HGT). Intra-specific divergence 
in the eroded portions of these elements revealed the high value of designing much-needed 
isolate-specific molecular markers (Corradi & Bonen, 2012).
Mitochondrial DNA has long been considered a valuable tool in evolutionary biology because 
of its high mutation rate and the assumption that individuals only possessed one mtDNA 
haplotype, directly maternally inherited, without recombination (Birky et al., 1978; Birky, 
2001; Sato & Sato, 2012). However, reports of mitochondrial recombination events and 
heteroplasmy in animals, but especially in plants and fungi, led to re-evaluate this assertion 
(Barr et al., 2005; White et al., 2008). Molecular recombination is an important evolutionary 
mechanism that allows deleterious mutations removal and generates allelic diversity in a 
population. The main causes of heteroplasmy are bi-parental inheritance and/or mutations, 
which result in the coexistence of mitochondrial genomes that differ in either nucleotide 
composition (site heteroplasmy) or length (length heteroplasmy). The latter can involve large 
scale rearrangements or insertion/loss of coding regions (Boursot et al., 1987; Volz-
Lingenhöhl et al., 1992). In AMF, transient mitochondrial length heteroplasmy through 
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anastomosis has recently been demonstrated for geographically distant G. irregulare in vitro
isolates (de la Providencia et al., 2013). The divergence in length between the two mtDNA 
haplotypes was caused by a variation in plasmid-related dpo insertions. The integration of 
elements such as dpo and SIRs has been shown to produce genomic rearrangements through 
recombination in other organisms (Schofield et al., 1992; Bi & Liu, 1996; Paquin et al., 2000;
Ferandon et al., 2008; Tanaka et al., 2012).
Integrated plasmid-related dpo genes have been reported in all AMF mitochondrial genomes 
that have been sequenced thus far. Plasmids are self-replicating extra-chromosomal DNA 
molecules that were originally identified in bacteria. Analogous molecules have now been 
reported in eukaryotes, notably plants and numerous fungal species. The majority of plasmids 
described in filamentous fungi are strictly mitochondrial, but cases of nuclear localization 
have been reported in yeasts (reviewed in Griffiths, (1995)) and a Mucor-like fungus (Hänfler
et al., 1992). Plasmid structure varies widely, from circular molecules to linear invertrons with 
terminal inverted repeats (TIRs). Both types harbor one or two ORFs encoding DNA and/or 
RNA polymerase genes (Nargang et al., 1984; Akins et al., 1988; Pande et al., 1989;
Sakaguchi, 1990; Shiu-Shing Chan et al., 1991; Court & Bertrand, 1992; Li & Nargang, 
1993). Plasmids have also been shown to integrate into fungal mtDNA through recombination, 
and can either be cryptic or elicit changes in phenotypic expression (Akins et al., 1986;
Robison et al., 1991; Griffiths, 1992; Hänfler et al., 1992; Oeser et al., 1993; Hermanns et al.,
1994). Such insertions have been reported to be acquired vertically from a common ancestor 
in plants (Robison & Wolyn, 2005), and also in fungi (Robison et al., 1991). However, 
numerous cases of horizontal gene transfer of those elements have been reported in fungi, 
51
offering an explanation for their ubiquitous distribution in this group (Collins & Saville, 1990;
Griffiths et al., 1990; Kempken et al., 1992; Arganoza et al., 1994; Debets et al., 1994).
Furthermore, plant mitochondrial plasmids are suspected to have been acquired from a fungal 
donor based on their similar structure and low GC content, which is a common feature of 
fungal mitochondrial genomes (reviewed in Rosewitch & Kistler, (2000)).  
Another type of mobile element found in the mtDNA of Glomeromycota, SIRs (Formey et al.,
2012), were observed in the mt genome of the green algae Chlamydomonas reinhardtii (Boer 
& Gray, 1991), but their structure is reminiscent of GC clusters in yeast (de Zamaroczy & 
Bernardi, 1986) and the Pst I palindromes of Neurospora crassa (Yin et al., 1981). SIRs can 
be folded into hairpin secondary structures, and have been suspected to have created genome 
rearrangements in Chlamydomonas spp. by intra-molecular recombination (Denovan-Wright 
& Lee, 1994; Nedelcu & Lee, 1998) through a model that is analogous to what has been 
observed in fungi (Almasan & Mishra, 1991; Weiller et al., 1991), plants (André et al., 1992)
and bacteria (Schofield et al., 1992; Bi & Liu, 1996). They are putatively mobile, although 
their transposition mechanism is not well understood (Grindley & Reed, 1985; Nakazono et 
al., 1994). Nevertheless, mobility has been demonstrated in similar repeats that fold into 
double hairpin structures in Allomyces spp. mtDNA (Paquin et al., 2000).
No information about the underlying mechanisms and consequences of such integrations into 
the mtDNA of Glomeromycota is currently available. Understanding whether or not 
mitochondrial recombination occurs in AMF is important since it can modify the interpretation 
of several aspects of research, including phylogenetic and population genetic analyses (Ballard 
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& Whitlock, 2004). In order to investigate this issue, we compared two novel mt genomes 
from the Glomeraceae family with a G. irregulare isolate. Since all AMF mt genomes from 
the Glomeraceae family that have been sequenced so far share the same mitochondrial 
synteny, we used this as a comparative basis for our study. We assessed mt genome evolution 
with regards to two other species of this ubiquitous AMF family, which showed divergence in 
mitochondrial gene organization. We wanted to know whether the new mtDNA reported here, 
from the species Glomus sp. DAOM-240422 and G. cerebriforme DAOM-227022, could shed 
light on the impact of mobile element insertions with regards to genome organization, and thus 
assessed the diversity, distribution, and propagation of mitochondrial dpo sequences within the 
Glomeromycota phylum. We also explored their evolutionary relatedness to other taxa, with 
respect to their global positioning within all known plasmid-related dpo sequences in the 
public databases.
3.4 Materials and Methods 
3.4.1 Fungal material and DNA extraction
Spores and mycelium of G. irregulare (DAOM-234179), Glomus sp. (DAOM-240422)
and G. cerebriforme (DAOM-229022) were cultivated in vitro on a minimal (M) medium
solidified with 0.4% (w/v) gellan gum (GelzantmTM, Gelrite) in association with Ri-T
transformed carrot roots following the protocol described by (Bécard & Fortin, 1988). Plates 
were incubated in the dark in an inverted position at 25°C, and after several weeks, abundant 
mycelia and spores were produced. Spores and mycelia were extracted from M medium by
solubilisation of the gellan gum in 10 mM sodium acetate-citrate buffer (pH 6) (Doner & 
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Bécard, 1991) and washed in sterile water. The resulting fungal material was further purified 
by hand under a binocular microscope to remove root fragments. It was further suspended in 
400 µL of the DNeasy Plant Mini Kit AP1 buffer (Qiagen) and crushed with a pestle in 1.5 ml 
micro tubes, and the DNA was purified according to the manufacturer's recommendations. 
Purified DNA in a final elution volume of 40 µL was stored at -20 ºC until use.
3.4.2 Long polymerase chain reactions (PCRs)
The long PCR protocol was performed using Takara LA TaqTM (Takara Bio, Canada) 
following the manufacturer's recommendations in a volume of 50 µl containing 0.2 mM 
dNTP, 1.5 mM MgCl2 and 0.5 µM of each primer and 1 µl of template DNA. The primer 
pairs summarized in Table 3.1 were used in order to validate the synteny in Glomus sp.
DAOM-240422. Cycling parameters were 94 °C /3 min, followed by 38 cycles of: 94 °C /30 
sec, 54 °C /25 sec, 68 °C /12 min and a final elongation at 72 °C for 8 min. PCR products 
were separated by electrophoresis in a 1 % (w/v) agarose gel and visualized with GelRed 
under UV light.
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Table 3.1. Long PCR primers used to validate the Glomus sp. DAOM-240422 
mitochondrial synteny.
mtDNA 
















3.4.3 Sequencing, assembly and gene annotation
G. irregulare DAOM-234179, Glomus sp. DAOM-240422 and G. cerebriforme total 
DNA was sequenced using 454 Titanium FLX shotgun technology and the resulting reads 
were assembled in one mitochondrial contig using Newbler (Genome Quebec Innovation 
Center, McGill University, Montreal, Canada). Gene annotation was performed with the 
automated organellar annotation software MFannot (http://megasun.bch.umontreal.ca/cgi-
bin/mfannot/mfannotInterface.pl) (for more information on MFannot see Burger et al., (2013),
followed by manual inspection for the presence of frame shifts and the introduction of missing 
gene features. Short inverted repeats were also manually annotated using NCBI BLAST, and 
their secondary structure was predicted using the RNAfold web server (Gruber et al., 2008).
The annotated sequences of the three new AMF mitochondrial genomes were deposited in 
GenBank under the accession numbers KC164354, KC164355 and KC164356 for G. 
irregulare DAOM-234179, Glomus sp. DAOM-240422 and G. cerebriforme, respectively.
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Circular and linear maps of the mitochondrial genomes (Figures 3.1, 3.2) were created using 
OGDraw v. 1.1 (Lohse et al., 2007).
3.4.4 Network analyses
Two similarity network analyses, where each node represents a dpo sequence and an 
edge represents a sequence similarity/identity were performed using EGN (Halary et al.,
2013). The first network was constructed from a dataset of 91 Glomeromycotan dpo sequences 
(from our collection and retrieved from GenBank). All of the sequences were compared to 
each other using BLASTn (Altschul et al., 1990) according to the following parameters: 
reciprocal best hit with a minimum of 1E-10 e-value, and 30% minimum identity covering at 
least 30% of the smallest sequence. The second and larger network includes an extensive 
sampling of all DNA polymerases from a broad range of taxa. This dataset was built using 
translated Glomeromycota dpo sequences as queries for BLASTp searches on the Genbank nr 
database. After retrieving hits that showed a minimal e-value of 1E-05, we performed a second 
BLASTp search to be confident that we had covered the largest possible diversity of DNA 
polymerase gene sequences. The protein similarity network was calculated using BLASTp 
with a minimal e-value threshold of 1E-40, 20% minimal similarity covering at least 20 % of 
the smallest sequence. The network layouts were further produced by Cytoscape software, 
using an edge-weighted force-directed model, meaning that genes sharing more DNA identity 
/ protein similarity appear closer in the display. 
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3.4.5 Phylogenetic analyses 
Maximum likelihood phylogenetic analyses of AMF mitochondrial genes were 
performed with a dataset of seven mitochondrial gene nucleotide sequences (atp6, atp9, cox2, 
nad1, nad2, nad4 and nad6) that were concatenated using DAMBE software version 5.2.13 
(Xia & Xie, 2001). The alignment was done using MUSCLE version 3.8.31. The analyses 
were performed using the GTR+G model (with five distinct gamma categories), with 1000 
bootstrap replicates. Bayesian analysis was performed using MrBayes version 3.2 with the 
GTR+G model (with five distinct gamma categories), four independent chains, one million 
cycles, tree sampling every 10 generations and a burn-in value of 40% (Figure S3.1), which 
was adequate for Markov chain convergence. 
The global dpo protein phylogeny (Figure 3.4B) was performed with a dataset extracted from 
the connected component of the protein similarity network containing fungal and plant 
sequences. The MCODE Cytoscape plugin (Bader & Hogue, 2003) was used to extract the 
most connected cluster, i.e. the cluster of nodes which connect the most sequences to each 
other. This process allows a sampling in which sequences will share a maximum similarity, 
improving the downstream phylogenetic inference. The selected protein sequences were 
locally aligned with COBALT version 2.01 (Papadopoulos & Agarwala, 2007). The maximum 
likelihood phylogenetic analysis was performed with RaxML using the rtREV model with the 
CAT option (PROTRTREVCAT) and 1000 bootstrap replicates. This phylogenetic model is 
an amino acid substitution matrix that has been shown to be appropriate for the analyses of 
polymerase genes (Dimmic et al., 2002). Further, bayesian inference was performed with 
MrBayes using the rtREV+CAT model, four independent chains, one million cycles, tree 
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sampling every 10 generations, and a burn-in value of 40 %, which was adequate for Markov 
chain convergence.
The Glomeromycota dpo phylogeny (Figure S3.6) was performed on a conserved domain of 
75 amino acids that was present in 60 out of the 91 AMF dpo sequences. The sequence 
alignment was done with COBALT version 2.01. The maximum likelihood analysis was 
conducted with the rtREV+G model (with five distinct gamma categories), with 1000 
bootstrap replicates. Bayesian inference was performed with MrBayes using the rtREV+G 
model, four independent chains, one million cycles, tree sampling every 10 generations, and a 
burn-in value of 40 %, which was adequate for Markov chain convergence.
All three phylogenetic analyses were done using the integrative software TOPALi version 2.5 
(Milne et al., 2004). The best phylogenetic model was determined using TOPALi version 2.5 
model selection test based on the AIC criterion. The tree figures were completed using 
TreeGraph version 2.0.47 (Stover & Muller, 2010).
3.4.6 Recombination analyses
The recombination analyses were performed on the Glomeromycota nucleotide identity 
network group 1, 2 and 8 (where the Glomus sp. 240422 dpo inserted in the reshuffled 
intergenic regions clustered). In order to easily detect the presence of distinct recombination 
signatures, a distance-based recombination analysis (Figure S3.7) was achieved with the 
recombination analyses tool (RAT) (Etherington et al., 2005), with the low threshold set to 
70% nucleotide identity and the high threshold set to over 90% identity. To further confirm the 
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occurrence of the putative recombination events, we tested their statistical significance with a 
phylogenetic method using the Hidden Markov Model (HMM) with the F84+gaps nucleotide 
substitution model (Husmeier & Wright, 2001),  performed with TOPALi v2.5 (default 
parameters).
3.5 Results
3.5.1 Mitochondrial genome description and comparison
The complete mtDNA sequences of G. irregulare (DAOM-234179), Glomus sp.
(DAOM-240422) and G. cerebriforme (DAOM-229022) are double-stranded circular DNA 
molecules, are homogeneous within isolate with no DNA sequence polymorphisms, i.e. 
genetic segregation of mtDNA in these strains appears to be as effective as in other published 
AMF genome. These mtDNAs harbor the typical set of 41 mitochondrial genes reported so far 
in AMF (Lee & Young, 2009): two rRNAs, 14 protein coding genes (PCGs) and 25 tRNAs. 
The PCGs include three ATP synthetase (atp), one cytochrome b (cob), three cytochrome C 
oxydase (cox) and seven NADH dehydrogenase (nad) genes (Figure 3.1). The G. irregulare
isolate DAOM-234179 mtDNA has a genome size of 75,075 bp with a GC content of 36.7%,
which is within range of the sizes of other sequences reported for this species (68,995 to 
87,754 bp with a 
  		 	 (Lee & Young, 2009; Formey et al., 2012;
Nadimi et al., 2012). The only true outlying G. irregulare isolate with respect to its 
mitochondrial genome was reported by Formey et al.,  (2012) , (i.e. MUCL43204) and has a 
size of 87,754 bp, while its conserved mitochondrial genes show only 65.8% identity 
(including introns and ORFs) with G. irregulare isolate 494.  The Glomus sp.
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Figure 3.1. Comparison of G. irregulare DAOM-234179, Glomus sp. DAOM-240422 and 
G. cerebriforme mitochondrial genomes. The circular-mapping genomes were opened 
upstream of rnl to allow for easier comparisons. Genes on the outer and inner circumference 
are transcribed in a clockwise and counterclockwise direction, respectively. Gene and 
corresponding product names are atp6, 8, 9, ATP synthase subunit 6; cob, apocytochrome b; 
cox1–3, cytochrome c oxidase subunits; nad1–4, 4L, 5–6, NADH dehydrogenase subunits; rnl, 
rns, large and small subunit rRNAs; A-W, tRNAs, the letter corresponding to the amino acid 
specified by the particular tRNA followed by their anticodon. Open reading frames smaller 
than 100 amino acids are not shown.
DAOM-240422 and G. cerebriforme mtDNAs were 86,170 and 59,633 bp, respectively, with 
GC contents of 36.7 and 46.7%. The latter is the smallest AMF mitochondrial genome yet 
reported, and is highly divergent when compared to the available mtDNAs of Glomus spp. and
Gigaspora spp. The inflated GC% observed in G. cerebriforme is mostly due to reduced 
intergenic region size and the lack of mobile elements, which are mostly AT rich regions, 
compared to the other strains. The difference in the mtDNA sequences observed between these 
taxa is caused by variation in intron content, dpo insertions and the presence of open reading 
frames (Table 3.2). G. cerebriforme genes are encoded on both strands, their order is 
completely reshuffled compared to the other Glomus spp., and they are also phylogenetically 
distant from those of G. irregulare (Figure S3.1). On the other hand, Glomus sp. DAOM-
240422 showed high similarity to G. irregulare with regards to coding sequence identity, but 
surprisingly, the synteny of these two isolates differed substantially.
3.5.2 Plasmid-related DNA polymerase and sequence diversity of small inverted repeats
We found 10 dpo insertions in G. irregulare DAOM-234179 and Glomus sp. DAOM-
240422, making them the most dpo-rich AMF isolate reported so far, but only two copies were 
observed in G. cerebriforme. The three isolates harbor a huge bona fide dpo with ORF 
extensions, rendering a structure similar to the mitochondrial plasmid found in other fungi 
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(Kim et al., 2000). However, we did not find terminal inverted repeats, which are usually a 
characteristic of recent plasmid integration. We also found numerous SIRs in the three 
genomes. The 31 SIRs in G. irregulare DAOM-234179, 29 in Glomus sp. DAOM-240422 and 
40 in G. cerebriforme were divided into 13, 11 and 5 distinct types, respectively, based on 
their hairpin secondary structure (Figures S3.3-S3.5). The high number of SIR types, 
compared to the five previously described by Formey et al., result from the characterization of 
SIRs found in single copy, homologous to those previously described that could not have been 
detected otherwise. Some types are present in all G. irregulare isolates and closely-related 
species such as Glomus sp. DAOM-240422, while others are endogenous to each strain, giving 
rise to a high SIRs sequence diversity. These elements were always present in intergenic 
regions, introns or at the edge of endonuclease-encoding ORFs (Tables S3.1-S3.3), and 
suggest a close relationship with the 'homing' mechanism for endonuclease integrations, as 
proposed by Formey et al. (2012) . However, the diversity of possible cleaving sites seems to 
be greater than previously expected with the here-reported novel mtDNA sequences. 
3.5.3 Divergent synteny in two novel Glomeraceae species mtDNA
The G. cerebriforme mtDNA shows a completely different gene order compared to the 
other AMF mitochondrial genomes sequenced so far, with many type five SIR insertions in 
intergenic regions that could potentially be involved in synteny rearrangements. Nevertheless, 
as mentioned above, only two dpo insertions are present, in the cox3-rnl and nad6-rns
intergenic regions. Since G. cerebriforme is phylogenetically distant from the publicly 
available mtDNAs of Glomus spp. and Gigaspora spp., no reference scaffold is available to 
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Table 3.2. Arbuscular mycorrhizal fungi mitochondrial genome features
AMF Strain Genome size (Kb) Introns 
a ORFs b dpo SIRs c Molecularfeatures
G. irregulare d
FACE494 70,606 26 10 5 26 -
G. irregulare d
DAOM197198 70,783 26 10 6 27 -
G. irregulare d
MUCL46239 70,818 26 10 6 28 -
G. irregulare d
MUCL46240 74,797 26 15 5 32 -
G. irregulare d
MUCL46241 74,797 26 15 5 32 -
G. irregulare
DAOM240415 70,781 26 9 8 ? -
G. irregulare
DAOM234328 68,995 26 9 8 ? -
G. irregulare
DAOM234179 75,075 26 10 10 31 -
Glomus irregulare d
MUCL43204 87,754 32 23 4 50 -
Glomus sp.
DAOM229456 87,763 32 19 4 ? Gene hybrids/HGT
Glomus sp.
DAOM240422 86,170 25 19 10 29
Genome 
rearrangements
Glomus cerebriforme 59,633 16 4 2 40 Synteny shuffling
Gigaspora margarita 96,998 14 4 0 ? Transplicing/synteny shuffling
Gigaspora rosea 97,349 14 4 0 ? Transplicing/synteny shuffling
a All types including group I and II introns
b ORFs greater than 100 amino acids encoding unknown protein, LAGLIDADG and GIYYIG 
endonuclease are listed, including intronic ORFs but not dpo fragments.
c Short inverted repeats reported so far in AMF mitochondrial genomes
d Based on data reported in Formey et al. 2012, but eroded ORFs were excluded.
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confirm any gene order reorganization. In contrast, the comparison of Glomus sp. DAOM-
240422 mt genome to its close relative G. irregulare DAOM-234179, revealed a reshuffling 
of two large gene clusters (Figure 3.2A). One gene cluster encompasses cox1, atp6, nad2, 
nad3, nad6 and cox3, whereas the other contains rns, nad5, cob, nad4, nad1 and nad4L. This 
rearrangement creates three novel intergenic regions in Glomus sp. DAOM-240422 which are 
atp9-cox1, cox3-rns and nad4L-rnl. This result was confirmed by long PCR performed with 
primers spanning those regions (Figure S3.2). We then assessed the sequence identity between 
those intergenes and their corresponding regions in G. irregulare DAOM-234179 (Figure 
3.2B). We compared the Glomus sp. DAOM-240422 atp9-cox1 with G. irregulare DAOM-
234179 atp9-rns and nad4L-cox1 intergene; the cox3-rns with G. irregulare DAOM-234179
cox3-rnl and atp9-rns regions; and finally the nad4L-rnl was compared to nad4L-cox1 and 
cox3-rnl. Each Glomus sp. DAOM-240422 intergenic region showed high sequence identity to 
its putative former counterpart in G. irregulare DAOM-234179, but covered only a small 
fraction of the intergene length, since many more ORFs (mostly dpo insertions) are present in 
Glomus sp. DAOM-240422. Local alignment using BLASTn, between the newly formed 
intergenic regions, did not reveal high similarity matches. We also constructed a sequence 
identity matrix of all the dpo sequences in its mtDNA and the highest match was only 53.1%.
3.5.4 Glomeromycota dpo nucleotide identity network and phylogenetic analyses
To test whether the dpo sequences in Glomus sp. DAOM-240422 were orthologous 
with the sequences found in other AMF and to assess evolution of dpo within the 
Glomeromycota, we constructed a nucleotide similarity network of all dpo genes reported so 
far in AMF mitochondrial genomes (Figure 3.3A). In total, 12 similarity groups were formed
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Figure 3.2. Linear genome representation to compare the mitochondrial synteny between 
G. irregulare DAOM-234179, Glomus sp. DAOM-240422 and G. cerebriforme. The linear-
mapping genomes were opened upstream of rnl to allow for easier comparisons. (A)
Corresponding gene clusters between G. irregulare DAOM-234179 and Glomus sp. DAOM-
240422 are underlined in red, green and blue.  The newly formed intergenic regions of Glomus 
sp. DAOM-240422 are boxed in gray and tagged with a number. (B) Nucleotide identity 
comparison with BLASTn between the reshuffled Glomus sp. DAOM-240422 intergenic 
regions (atp9-cox1 (box 1), nad4L-rnl (box 2) and cox3-rns (box 3)) with their putative 
homologous sequence in G. irregulare DAOM-234179. Homologous regions are indicated by 
the projections with their corresponding percent identity.
and seven singletons were left aside. We observed that five Glomus sp. DAOM-240422 dpo
sequences (black circles) clustered in distinct identity groups (G1, G2, G3, G6 and G8), while 
the rest were singletons inserted in reshuffled intergenic regions (cox3-rnl and nad4L-rnl), 
with low sequence similarity to each other or to known AMF dpo sequences. The Gi. rosea
putative mitochondrial plasmid that was previously described (Nadimi et al., 2012) was also 
one of the singletons. The two G. cerebriforme dpo copies (light green circles) were the sole 
representatives of similarity group 12. Also, the mtDNA-integrated dpo showed a clustering 
tendency toward their intergenic region localization (Figure 3.3B). Interestingly, three Glomus 
sp. DAOM-240422 dpo sequences which are inserted in the reshuffled intergenic regions 
atp9-cox1, cox3-rns and nad4L-rnl (Figure 3.2) clustered respectively with the AMF dpo
group 8 (cox3-rnl), group 1 (atp9-rns) and group 2 (cox3-rnl and the Glomus fasciculatum
atp9-rns_3 sequence). In order to compare the identity network and the phylogenetic 
approach, and to assess the relationship of the dpo present within each respective mtDNA (i.e. 
paralogy vs orthology), we constructed a phylogeny based on a conserved protein domain. The 
alignment of all 91 Glomeromycota dpo protein sequences pointed out to a 75 amino acid 
region that was common in 60 of the sequences (Figure S3.6A). Interestingly, most of the dpo
were truncated either upstream and/or downstream of that conserved domain.
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Figure 3.3. Similarity network of dpo sequences inserted in AMF mitochondrial 
genomes. (A) Each node represents a dpo insert colored by mt genome. The node size is 
proportional to the sequence length. Two nodes are connected by an edge when they share 
significant similarity (reciprocal best BLAST hit with a minimum of 1e-10 score, and 30% 
minimum identity covering at least 30% of the smallest sequence). The layout was produced 
by Cytoscape, using an edge-weighted force-directed model, which brings closer sequences 
sharing more similarity. Twelve homology groups were formed (labeled G1 to G12). There 
are 97 nodes on that network with 336 edges. (B) Same network but nodes are colored by their 
mitochondrial intergenic region localization. The legend shows a linear size relationship 
between the smallest dpo sequence (G. irregulare DAOM-240415_cox3-rnl_4, 129 bp) and 
the largest one (G. cerebriforme atp6-atp9, 3444 bp).
The resulting maximum likelihood phylogenetic tree showed robust bootstrap values (> 75%) 
in the distal branches that support clades corresponding to the similarity groups observed in 
the gene network, whereas the basal branches displayed were weakly supported (Figure 
S3.6B). All similarity network groups were represented in the tree with strong statistical 
support in bootstrap and bayesian inference values, except for the identity group 11 that was 
not represented, because the sequences didn't harbor the conserved gene core. Surprisingly, 
this tree revealed only one occurrence of paralogy, in the group 12, for the two dpo sequences 
inserted in G. cerebriforme mtDNA (like it was also observed in the nucleotide network). 
Every other dpo phylogenetic clusters represent orthology groups. Lastly, only one of the three
Glomus sp. DAOM-240422 dpo sequences found in reshuffled intergenic regions was present 
in the phylogenetic analyses, in the group 8 cluster.
3.5.5 Glomus sp. DAOM-240422 dpo recombination analyses 
Three Glomus sp. dpo sequences present in the reshuffled intergenic regions clustered 
with dpo sequences of other AMF taxa inserted in different mtDNA localization, rather than 
with paralogous mtDNA sequences (within DAOM-240422 isolate) in the nucleotide network. 
In order to easily screen for homologous recombination, we performed a distance-based 
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recombination analysis in which these Glomus sp. dpo sequences were compared with their 
three closest relatives in the nucleotide identity network. For the Glomus sp. atp9-cox1 and 
cox3-rns (Figure S3.7A and B) comparison, we observed a disruption in the sequence identity 
of the dpo sequences going from 70-80% identity and spiking abruptly to a near perfect 100% 
nucleotide identity. When compared together, Glomus sp. nad4L-rnl_1 dpo sequences started 
off with < 80% identity to the G. fasciculatum atp9-rns_3 dpo and then rose sharply to almost 
95% identity. Conversely, the G. irregulare MUCL43204_cox3-rnl_1 dpo started at more than 
99% similar to the Glomus sp. nad4L-rnl_1 dpo sequence, but then dropped to < 80% identity 
(Figure S3.7C). These dpo sequences showed typical signatures of homologous recombinants 
regarding their sequence identity, highly reminiscent to what was found for a recombinant 
HIV-1 strain (Liitsola et al., 2000).
To further confirm these findings, we performed a statistical phylogenetic recombination 
analysis using the Hidden Markov Model (HMM). The Glomus sp. DAOM-240422 atp9-cox1
showed a perfect bayesian inference value of 1.0 for each three topologies in a given portion 
of the alignment (Figure S3.7A), which allowed the finding of putative recombination break 
points (between two given topologies where one reach a bayesian inference value > 0.95 and 
the other < 0.05) at nucleotide position 357 and 613 bp of the sequence, respectively. The 
Glomus sp. DAOM-240422 nad4L-rnl also showed a perfect bayesian inference value of 1.0, 
but for only two topologies (I and II), thus allowing for the determination of one putative 
break point at position 161 bp (Figure S3.7C). Conversely, the Glomus sp. DAOM-240422
cox3-rns analyses did not provide statistical support for any given topologies tested with the 
HMM phylogenetic method (Figure S3.7B).
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3.5.6 Global protein similarity network with all known DNA polymerase genes in the 
public database 
In order to assess a possible origin and transmission mode of AMF mitochondrial dpo
sequences, we constructed a protein similarity network using a broad spectrum of dpo
sequences. Interestingly, most of the glomeromycotan plasmid-related DNA polymerase 
proteins, 60 in total, were found clustered with 35 other fungi, 28 plants (including two red 
algae of the genus Porphyra), five other eukaryotes (Physarum polycephalum, Ochromonas 
danica, two Placozoan sp. and a Cnidaria species), four bacteria (Bacillus thuringiensis, two 
Bacillus cereus, and Brevibacillus sp.), and three bacteriophages (Figure 3.4A). All dpo
sequences are present within their respective mtDNA or are located in a mitochondrial 
plasmid. The patchy distribution observed among phylogenetically distant taxa such as plants 
and fungi is similar to that of a cox1 intron that invaded plant mitochondria and was thought to 
have been acquired horizontally from a fungal donor (Cho et al., 1998). To assess the 
evolutionary relationship of AMF DPO proteins with the other taxa present in the cluster, we 
selected the group gathering the most connected nodes, i.e the sequences sharing the most 
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Figure 3.4. Sub-cluster of the global network of shared amino acid similarities between 
the Glomeromycota DPOs and all homologous sequences found on GenBank. (A) 
Building this dataset was performed using translated Glomeromycota sequences as queries for 
a BLASTp search on the GenBank nr database (minimal e-value threshold of 1e-40, 20 %
minimal similarity covering at least 20 % of the smallest sequence). The network layouts were 
further produced by Cytoscape software, using an edge-weighted force-directed model, 
meaning that genes sharing more protein similarity appear closer in the display. There are 135 
nodes in that network with 2520 edges. (B) DPO protein maximum likelihood tree obtained 
with the rtREV+CAT phylogenetic model. The bacterial/viral cluster was used to root the tree. 
Number on branches indicates bootstrap support values (< 60% cut-off) and bayesian 
inference values, respectively. The bayesian analyses gave a similar topology (data not 
shown). The tree includes AMF (black), other fungi (orange), plants (green), virus (red) and 
bacteria (blue).
similarity all together. The corresponding sequences (including plant, Glomeromycotan and 
other fungal sequences), were used to perform a maximum likelihood phylogenetic analysis
(Figure 3.4B). We used the viral and bacterial proteins present in the sub-network to root the 
tree, because they present a distal position in the network. The resulting tree showed robust 
support (100% bootstrap and 1.0 bayesian inference value) for the viral-bacterial group, and 
surprisingly, the plant DPOs clustered with those of the Glomeromycota as a sister group, 
supported by a 76% bootstrap and 1.0 bayesian inference value. Except for the other fungi 
group clade, the phylogeny was robustly supported either for the basal and the distal branches. 
3.6 Discussion
3.6.1 Inter-haplotype homologous recombination in Glomus sp. DAOM-240422
The numerous type 5 SIRs present in G. cerebriforme intergenic regions may have had 
the potential to trigger intra-molecular gene reshuffling. The two G. cerebriforme dpo 
sequences were shown to be paralogs, with a nucleotide identity of 81%. However, we cannot 
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be sure that intra-molecular recombination occurred in G. cerebriforme, since we do not have 
closely related taxa as comparators.  In the Glomus sp. DAOM-240422 mt genome, the two 
most similar dpo sequences share a low nucleotide identity percentage of 53.1%. However, we 
observe a near perfect sequence identity for PCGs and some intergenic regions with close 
relative G. irregulare. Taken together, these observations suggest that the rearrangements 
observed in Glomus sp. DAOM-240422 are recent and do not result from intra-molecular 
recombination from an ancient dpo duplication. Further, no recent dpo duplications were 
observed in any given AMF strains surveyed. The Glomus sp. DAOM-240422 dpo sequences 
that are inserted in the reshuffled intergenic regions clustered in the nucleotide network with 
dpo sequences of other AMF species that were inserted in the putatively former intergenic 
arrangement. Comparison of the Glomus sp. DAOM-240422 atp9-cox1 and nad4L-rnl_1 dpo,
with their three closest relatives showed a typical signature of homologous recombination
(Figure S3.7A and C), with genes sharing a high sequence identity with different portions of 
the alignment, where intersections represent putative recombination break points. These 
recombination events were strongly statistically supported with the HMM method. Even if the 
Glomus sp. 240422 cox3-rns dpo recombination was not supported by HMM, it still clustered 
with dpo present in other intergenic regions, and the lack of statistical support might be 
explained by the absence of its recombination partner in the cluster. These observations 
strongly suggest that the mitochondrial gene cluster reorganization in Glomus sp. DAOM-
240422 is the result of dpo-mediated homologous recombination between different 
mitochondrial haplotypes harboring highly similar dpo orthologues present in distinct genome 
localization.  
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Two types of mobile elements reported in AMF mitochondrial genomes have been previously 
shown to be involved in genome rearrangements through homologous recombination in other 
organisms: the plasmid-related dpo genes in Basidiomycota (Ferandon et al., 2008) and SIRs 
in bacteria and plants (Schofield et al., 1992; Bi & Liu, 1996; Tanaka et al., 2012).
Furthermore, the fact that the number of dpo sequences varies in different intergenic regions 
among isolates of the same species and closely related ones (Formey et al., 2012; Beaudet et 
al., 2013a), combined with our findings suggest that: i) there is no evidence of intra-molecular 
recombination in Glomus sp. DAOM-240422, ii) recombination between distinct mtDNA 
haplotypes harboring different dpo insertions could occur, iii) since there is no intra-isolate 
mtDNA polymorphism, the reshuffled mtDNA haplotype in Glomus sp. DAOM-240422 is 
fixed in the population , iv) those rearrangements are triggered by dpo insertions through 
homologous recombination.
Such recombination events could take place following hyphal fusion (i.e. anastomosis). This 
last feature not only facilitates the distribution of nutrients and signalling molecules through 
the entire AMF mycelium, but also plays a key role in genetic exchange (Giovannetti et al.,
1999) and segregation (Angelard & Sanders, 2011). Those anastomoses can occur either 
between genetically different AMF isolates originating from the same experimental field 
(Croll et al., 2009; Angelard et al., 2010) or between strains isolated from distant locations 
(e.g from the same (Purin & Morton, 2012), or even different continents (de la Providencia et 
al., 2013)). Both of these studies suggested that mitochondria might also be exchanged via 
anastomosis, thus creating a heteroplasmic state. 
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3.6.2 Evidence of heteroplasmy challenges the concept of an AMF individual
All published AMF mt genomes are homoplasmic, i.e. homogeneous within isolates. In 
other fungi, mechanisms contributing to homoplasmy are often related to the recombination of 
parental mtDNAs or by the selection of one of the parental haplotypes due to the presence of 
segregation mechanisms (reviewed by Birky (2001)). In the absence of external factors, 
heteroplasmy should be the default state for mtDNA under a simple mutation-drift scenario 
(White et al., 2008). In yeasts, the presence of a heteroplasmic state was shown to be transient 
due to the presence of segregation mechanisms, such as nucleoid formation, and mtDNA
molecular repair pathways which maintain mitochondrial genome integrity (Zimmer et al.,
1991; Hu et al., 1995; Yasuhira & Yasui, 2000). The presence of nucleoids, similar mtDNAs 
linked by Holliday junctions, induces a genetic bottleneck responsible for a fast segregation 
(Lockshon et al., 1995; White & Lilley, 1997; MacAlpine et al., 1998). The mt genome 
homogeneity observed for in vitro and in vivo AMF cultures could be the result of such 
effective mtDNA segregation and repair mechanisms that would take place during the sub-
cultivation processes.
The AMF colonies are characterized by the interconnectedness of their different parts by 
means of hyphal fusion (i.e. anastomosis) (Giovannetti et al., 1999; de la Providencia et al., 
2005; Voets et al., 2006; Purin and Morton, 2012), which can lead to genetic exchange, even 
between genetically distinct individuals. This hyphal fusion dynamic in natural populations 
can also prevent the lost of genetic diversity (Bever & Wang, 2005). Recently, anastomoses 
between geographically distant G. irregulare isolates cultivated in vitro were shown to induce 
transient mitochondrial length heteroplasmy (with variation in dpo insertions between the two 
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mt haplotypes) (de la Providencia et al., 2013). Although in situ heteroplasmy have never been 
demonstrated, these observations, in addition to the inter-haplotype dpo homologous 
recombination evidences presented here, suggest that transient heteroplasmy could occur in 
the field. 
The coexistence of numerous AMF mt haplotypes in the same cytoplasm and the occurrence 
of homologous mitochondrial recombination might be commonplace in nature, as it was 
shown in natural populations of the basidiomycete fungus Armillaria gallica (Saville et al.,
1998). The heteroplasmy stability in natural populations, may provide useful additional 
information for defining haplotypes, and resolving further the relationships among individuals 
at a population level (White et al., 2008). Given the increasing use of mitochondrial markers 
in AMF research, the demonstration that genetically distinct mtDNAs can be exchanged 
through anastomosis, coexist in a common cytoplasm and give rise to a recombinant 
haplotype, should lead to a thorough discussion on the AMF individuality concept. If
heteroplasmy is confirmed in natural populations, the use of mtDNA as a criterion to define a 
reliable AMF taxonomic unit would certainly facilitate our understanding of the processes 
occurring in natural populations, although caution should still be applied since it would be 
artificial, and would not reflect the genotypic diversity of AMF nuclear DNA, since 
mitochondrial and nuclear DNA segregation are mostly stochastic mechanisms.
3.6.3 Vertical versus horizontal inheritance of the AMF mitochondrial dpo
Given the high genetic diversity of dpo and their variable truncation patterns, a 
classical phylogenetic approach requiring multiple alignment of highly similar sequences, is 
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not suitable to analyse their overall evolutionary relationships, especially for recombinant ones 
(Bapteste et al., 2012). Indeed, the classical approach only allowed us to analyze 60 of 91 
Glomeromycota dpo sequences, on a limited 75 amino acids conserved domain, leading to a 
tree with poorly supported basal branches (Figure S3.6B). As an alternative, gene similarity 
network analyses have already been proven to be useful in the study of highly diverse gene 
families and introgressive descent events, such as recombination and HGT (Bapteste et al.,
2012).
The AMF dpo nucleotide network highlights the existence of a clustering tendency for dpo
sequences located in the same intergenic regions (Figure 3.3B). The high similarity (short 
edges) observed between the sequences of each group and the phylogenetic topology  (Figure 
S3.6B) suggest that they are orthologs that could have recently been acquired vertically from a 
common ancestor. This is not surprising for the G. irregulare isolates, but implies that the 
other species that shared those sequences have also diverged recently (i.e. G. fasciculatum and 
G. aggregatum) given the high within-group sequence similarity. However, the seven 
singletons left aside by the network nucleotide similarity clustering (five in the closely related 
species Glomus sp. DAOM-240422) suggest that numerous independent plasmid-mediated 
dpo insertions, from unknown origin, and/or followed by a fast divergence might also have
occurred. The putative Gi. rosea plasmid had low sequence similarity with the other dpo
insertions in AMF mtDNA and no extra chromosomal dpo were found within any of the 
surveyed AMF genomes. This dpo sequence diversity could indicate that AMF mitochondria 
harbor a broad range of plasmid types, as described in Neurospora species, where seven 
circular and four linear homology groups of mitochondrial plasmids have been reported 
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(Schulte & Lambowitz, 1991; Yang & Griffiths, 1993; Arganoza et al., 1994; Marcinko-
Kuehn et al., 1994).
It has been found that mitochondrial plasmids in plants could be horizontally acquired through 
pollen (Handa, 2007). Horizontal gene transfer (HGT) has also been hypothesized to be an 
important factor in the dispersal of mitochondrial plasmids between fungal strains and species. 
That assumption is based on i) discordant phylogenetic relationships between plasmids and 
host genomes (Kempken et al., 1992), ii) the geographic distribution of plasmids within and 
among host species (Arganoza et al., 1994), and iii) direct experimental demonstration of 
HGT (Collins & Saville, 1990; Griffiths et al., 1990; Debets et al., 1994). Until now, no direct 
experimental evidence of HGT of dpo sequences was provided, and no mitochondrial plasmid 
has yet been found in AMF (except a putative linear plasmid in Gi. rosea). However, the 
distribution of the plasmid-related dpo sequences is uneven between isolates of the same AMF 
species (Formey et al., 2012) and we showed that there is a large diversity of dpo sequences 
within AMF (12 orthology groups, along with seven singletons). Another intriguing 
observation is that the dpo sequences are also present in all AMF family surveyed including 
the Glomeraceae, Gigasporaceae, Ambisporaceae, Diversisporaceae and Archaeosporaceae 
(data not shown, based on a preliminary 454 assembly). A mechanism known as post-fusion 
incompatibility might be the most plausible explanation for the ubiquitous distribution of 
AMF mtDNA dpo. This mechanism implies a brief hyphal fusion between incompatible AMF 
species and the formation of septa. This process has already been shown to allow exchange of 
nuclear genetic material (Croll et al., 2009), and also offers an explanation for the mobile 
endonuclease-mediated HGT, leading to the formation of gene hybrids in the mitochondrial 
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genome of Glomus diaphanum-like species (Beaudet et al., 2013a).  Keeping in perspective 
that divergent AMF taxa can simultaneously colonize roots of the same plant species, it is 
likely that a mitochondrial plasmid could spread rapidly through the Glomeromycota phylum 
even between phylogenetically distant taxa.
3.6.4 Glomeromycota dpo are closely related to plant mitochondrial plasmids
More than 50 linear plasmids have been reported in the mitochondria of 20 fungal 
species, in contrast to the 14 found in eight plant species. These have only been observed 
twice in animal mtDNA, in the placozoan Trichoplax adhaerens and in the moon jelly Aurelia 
aurita (Shao et al., 2006; Signorovitch et al., 2007). This uneven distribution of mitochondrial 
plasmids within the Eukaryota raises questions about their origin and their mode of 
transmission. The structure of the plant mitochondrial plasmids consists of an invertron 
structure, long inverted repeats with proteins covalently bound to their 5' ends. This structure 
is remarkably similar to fungal plasmids and to some DNA viruses (Rosewich & Kistler, 
2000). Additional evidence, such as low GC content in plant plasmids (30% in the Brassica
11.6 kb plasmid, 38.9% in the 10.4 kb sugar beet plasmid and 37-39% in the maize S 
plasmids) compared to their respective mtDNA (Brassica napus 45.2% (Handa, 2003), Beta 
vulgaris 43.9% (Kubo et al., 2000) and the maize 44.0% (GenBank accession #DQ490951), 
supports HGT from a fungal donor as the source of linear mitochondrial plasmids in plants, 
since low GC content is typically found in fungal mtDNA (Handa, 2008) (with an average of 
37% in G. irregulare isolates (Handa, 2008; Formey et al., 2012)). Moreover, our 
phylogenetic analyses robustly support the DPO proteins of plants and Glomeromycota as a 
sister group. Taken together, this evidence suggests that AMF could be potential donors of 
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plasmid-related dpo to plants. However, species of Glomeromycota colonize the same 
ecological niche and often co-occur with many pathogenic or endophytic fungi in plant roots,
and one of these co-occurring fungi could be the common donor to both plants and AMF, also 
plant plasmids could have different fungal origins. If this is the case, the organism in question 
has yet to be sequenced.
To further study the AMF mitochondrial plasmid-related dpos, the mt genome of Geosiphon 
pyriformis, an ancestral member of Glomeromycota that lives in endocytobiotic association 
with the cyanobacterium Nostoc punctiforme (Gehrig et al., 1996), could provide insights into 
the origin and evolution of those elements in that phylum. Also, some DNA polymerase genes 
were present in the mtDNA of the ascomycete fungal partner of the lichen Peltigera malacea 
(Xavier et al., 2012). Those sequences clustered within the other fungi group in the global dpo
network. Another interesting avenue would be to assess the horizontal transmission of 
mitochondrial plasmids in different fungi-plant symbiotic systems.
3.7 Conclusion and outlook
The mitochondrial genome comparison of the three Glomus species showed the extent 
of mtDNA plasticity with regards to their synteny. It also offers a basis to develop molecular 
tool kits aimed specifically at identifying and quantifying taxa of the ecologically and 
agriculturally important Glomeraceae family. However, finding evidence of inter-haplotype 
homologous recombination suggests the occurrence of mtDNA heteroplasmy in natural 
populations. Although this has yet to be demonstrated, it raises questions about the artificiality 
of single spore cultivations of these fungi, which probably induces an underestimation of the 
80
mtDNA diversity in situ. Approaches like genotyping-by-sequencing (GBS) and ecotilling 
could be useful to assess this particular hypothesis. Mitochondrial genome comparisons can 
also provide insights into molecular processes related to the biology and community structure 
of AMF. The close phylogenetic relationship between the plasmid-related dpo of plants and 
Glomeromycota suggests that horizontal gene transfer events could have occurred between 
plants and their fungal symbionts. The intimate relationship between plants and AMF in nature 
may unravel other transfer events that have taken place through evolution. Also, the role of 
viruses and bacteria and their interactions with fungi and plants represents an interesting 
research avenue to generate knowledge about the evolution and origin of mitochondrial 
plasmids in those groups. 
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Mise en contexte (Chapitre 4) - homogénéité mitochondriale in vitro
expliqué par la présence de mécanismes de ségrégation?
Les causes principales expliquant la présence d'hétéroplasmie sont l'héritabilité
biparentale et/ou l'accumulation de mutations, qui résultent en la coexistence de différents 
haplotypes mitochondriaux. Chez les CMA, la présence d'un état hétéroplasmique transitoire a
récemment été démontrée, suite au croisement entre deux isolats génétiquement distincts de 
Glomus irregulare (de la Providencia et al., 2013). En absence de facteur externe, 
l'hétéroplasmie devrait être l'état par défaut en raison de l'accumulation de mutations (White et 
al., 2008). Chez les levures, il a été démontré que la présence de cet état est temporaire en 
raison de la présence de mécanismes moléculaires de ségrégation, comme la formation de 
nucléoides et de processus de réparation de l'ADN mitochondrial, qui contribuent à maintenir
l'intégrité du génome (Zimmer et al., 1991; Hu et al., 1995; Yasuhira & Yasui, 2000). La 
présence de nucléoides, qui sont un regroupement de génomes mitochondriaux maintenu 
ensemble par des jonctions de Holliday, engendre un goulot d'étranglement génétique 
responsable d'une ségrégation mitochondriale rapide et efficace observée dans ce groupe 
fongique (Lockshon et al., 1995; White & Lilley, 1997; MacAlpine et al., 1998).
L'homogénéité du génome mitochondrial des CMA observée dans les précédentes études (Lee 
& Young, 2009; Formey et al., 2012), pourrait possiblement être le résultat de la présence de 
mécanismes moléculaires orthologues.
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The occurrence of transient length-heteroplasmy through anastomosis between 
geographically distant Rhizophagus irregularis isolates was previously demonstrated in the 
progeny spores resulting from crossing experiments. However, the persistence of the 
heteroplasmy in monosporal culture lines from crossed parental isolates and the mechanisms 
responsible for mitochondrial segregation are still unknown. Using the arbuscular mycorrhizal 
fungus model R. irregularis, we tested the hypothesis that the previously observed 
heteroplasmic state occurs and persists in monosporal in vitro culture lines, using three 
different isolate combinations and newly designed TaqMan isolate-specific mitochondrial 
markers. We found that homoplasmy was the dominant state in all monosporal cultures, with 
an apparent bias towards one of the parental haplotypes. These results strongly support the 
presence of a putative mitochondrial segregation proteic machinery in R. irregularis, whose 
complete set of genes were orthologous with those found in other fungi. Our findings suggest 
that segregation takes place either during spore formation or colony development. Here we 
present the basic building blocks to explain mtDNA homoplasmy in monosporal cultures 
arising from crossed isolates in Glomeromycota, an early divergent fungal lineage.
Keywords
Arbuscular mycorrhizal fungi, mitochondrial segregation, anastomosis, mitochondrial 
nucleoids, protein orthology, monosporal cultures.
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4.2 Introduction
It has been widely documented that major food crops associate naturally with 
beneficial soil microbes, including the arbuscular mycorrhizal fungi (AMF), an ancient group 
of root-inhabiting fungi belonging to the phylum Glomeromycota (Schussler et al., 2001).
These ecologically crucial symbionts enhance the uptake of water and nutrients of the plants
they colonize, especially phosphate (Smith & Read, 1997), as well as protect them against 
pathogens (Ismail et al., 2011) and play a key role in soil structure (Rillig, 2004). The benefits 
to plants provided by this association with AMF could be enhanced by the manipulation of 
their fungal partner genetics, as demonstrated by Angelard et al. (2010) and Colard et al. 
(2011), using the model organism Rhizophagus irregularis. In both studies, through the 
exchange of genetic information via hyphal fusion (i.e. anastomosis), in vitro crossed culture 
lines and segregated culture lines were generated. This process influenced differentially the 
transcription of symbiosis-specific genes in rice, resulting of an increase in rice growth by a 
factor of five. 
During the last decade numerous studies have been devoted to decipher the nuclear (Tisserant
et al., 2013) and mitochondrial genome organization patterns (Beaudet et al., 2013a; Beaudet
et al., 2013b), the sexual/asexual paradigm (Halary et al., 2011; Riley et al., 2014) and nuclear 
segregation process in AMF (Angelard & Sanders, 2011). These data allow new insights into 
the nuclear inheritance processes and segregation mechanisms that could occur in these fungi. 
Despite this progress, little is known about the mitochondrial inheritance process and 
segregation mechanisms. Since the mitochondrial genome encodes essential components of 
the cellular energy-producing apparatus, understanding mitochondrial DNA (mtDNA) 
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organization and its inheritance processes in AMF is of paramount importance, in order to 
manage more efficiently mycorrhizal associations at large scale (Ceballos et al., 2013). A
previous study showed that AMF mtDNAs migrate massively in spores during their formation 
(Marleau et al., 2011), but the faith of each parental haplotype following crosses needs to be 
investigated. In filamentous fungi, sexual crosses leads to uniparental transmission of 
mitochondria (Mannella et al., 1979; Lee & Taylor, 1993), whereas mitochondria are 
biparentally inherited in budding yeast (Okamoto et al., 1998; Berger & Yaffe, 2000). In yeast, 
microfilaments, such as actin, plays an important role in the positioning and motility of 
mitochondria, whereas microtubules are the principal mitochondrial transporter in many other 
fungi. (Westermann & Prokisch, 2002).
The publication of 14 complete AMF mtDNA (Lee & Young, 2009; Formey et al., 2012;
Nadimi et al., 2012; Pelin et al., 2012; Beaudet et al., 2013b; de la Providencia et al., 2013) in
the last few years, allowed demonstrating that these sequences were all homogeneous within 
isolates (Raab et al., 2005; Börstler et al., 2008; Lee & Young, 2009; Formey et al., 2012).
These studies also shown that genomes are variable in defined intergenic regions between 
isolates, thus offering an incomparable opportunity to design isolate-specific markers (Corradi 
& Bonen, 2012; Formey et al., 2012; Beaudet et al., 2013a; de la Providencia et al., 2013).
Recently, de la Providencia et al. (2013) (de la Providencia et al., 2013) demonstrated length-
heteroplasmy in spores formed near anastomosis regions between geographically distant R. 
irregularis in vitro isolates, using isolate-specific mitochondrial markers. However, no 
information is available regarding the persistence of this length-heteroplasmic state in in vitro
monosporal culture lines established from crossed parental isolates. Such a study is needed not 
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only to understand mtDNA inheritance processes and the persistence of mitochondrial 
haplotypes in stable culture lines, but also to use mtDNA as a criterion to define a reliable 
AMF taxonomic unit (Beaudet et al., 2013a; Beaudet et al., 2013b).
Further, no study has yet investigated potential mitochondrial segregation mechanisms 
occurring in AMF. In Saccharomyces cerevisiae, mitochondrial segregation is controlled by 
the mitochondrial segregation apparatus (MSA), which ensures a coordinated and reliable 
transmission of mitochondrial organelles and their genomes to the progeny. The MSA in S.
cerevisiae is a trans-membrane proteic complex consisting of three mitochondrial membrane 
proteins (i.e. Mmm1, Mdm10 and Mdm12), forming the core component of the apparatus, 
along with Mmm2, Mdm31 and Mdm32, which interact with the core component (for review 
see (Chen & Butow, 2005)). This proteic complex links the mitochondrial outer membrane to 
the actin cytoskeleton and the mitochondrial inner membrane to mitochondrial nucleoids, 
which are clusters of similar mtDNAs packaged by the proteins Abf2, Aco1 and Ilv5 and 
maintained together by Holliday junctions (Lockshon et al., 1995; White & Lilley, 1997;
MacAlpine et al., 1998). However, the molecular machinery of mtDNA inheritance remains
largely unknown in many organisms (Birky, 2001; Sato & Sato, 2012).
In this study, we tested the hypothesis that monosporal culture lines support the occurrence 
and persistence of the observed length-heteroplasmy (de la Providencia et al., 2013) in R. 
irregularis in vitro spores from crossed cultures of genetically divergent isolates. We also 
searched for the existence of a putative MSA in Glomeromycota, by finding the best reciprocal 
BLAST of yeast MSA proteins in the published genome of R. irregularis (Tisserant et al.,
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2013) and its transcriptome (Tisserant et al., 2012), and further confirm their orthology with 
all available sequences on the database. These first building blocks provide the foundation for 
explaining the effective mitochondrial segregation mechanisms occurring in AMF.
4.3 Materials and Methods
4.3.1 Growth conditions and maintenance of fungal cultures and roots
Monoxenically produced spores of Rhizophagus irregularis isolates DAOM-
197198 (Pont-Rouge, Quebec, Canada), DAOM-234328 (Finland) and DAOM-240415 
(Dufrost, Manitoba, Canada) were provided by the DAOM collection (Ottawa, Ontario, 
Canada). These three isolates were selected because of their different geographical origins and 
because their mitochondrial genomes have been fully sequenced (Nadimi et al., 2012; de la 
Providencia et al., 2013). Spores were subcultured in association with Ri T-DNA transformed 
chicory (Cichorium intybus) roots on a modified minimal (MM) medium (Bécard & Fortin, 
1988) solidified with 0.4% (w/v) gellan gum (Sigma). Plates were incubated in the dark in an 
inverted position at 25° C. Several thousand spores and extraradical mycelia were obtained
over a period of 12 weeks. Ri T-DNA transformed chicory roots were routinely propagated by 
placing actively growing root apexes on M medium with subsequent incubation at 25° C in the 
dark.
4.3.2 Crossed cultures and monosporal culture lines 
Twenty crossed cultures from each combination (DAOM-197198/DAOM-234328; 
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DAOM-197198/DAOM-240415; DAOM-234328/DAOM-240415) were performed by 
inoculating a hundred spores in closed vicinity of Ri T-DNA transformed chicory roots, 
opposing each other at the extreme side of a Petri plate (Figure 4.1). Both colonies were 
checked weekly and their growth was traced in order to identify interaction zones between 
mycelia from different isolates, which were characterized by the formation of hyphal contacts. 
Subsequently, these contacts were checked under a Discovery V12 stereomicroscope (Carl 
Zeiss, Canada) at magnifications of 6.7-40x. Bright-field microscopy (Axio Imager M1, Carl 
Zeiss) was also used to observe details of the hyphal interactions at higher magnifications. 
After 15 weeks of growth, randomly chosen spores (i.e. progenies) were harvested from the 
interaction zone of each combination, individually cut out from the mycelium and placed in a 
new mono-compartment Petri dish (90 mm) containing M medium in the close vicinity of a 
Ri-T transformed chicory root. For each combination, 50 replicates, consisting of one single 
spore associated with a chicory root were prepared. Each plate was checked weekly for 
germination, root colonization and colony development over the next 11 weeks.
4.3.3 DNA extraction
Spores and hyphae were harvested by dissolving the gellan gum matrix in which 
cultures were grown in a solution containing 0.0083 N sodium citrate and 0.0017 N citric acid. 
Extracted fungal material was observed under a binocular microscope in order to detect and 
remove any root contaminants. Spores and hyphae were gently crushed in a 1.5 ml microtube 
using a sterilized pestle. DNA was extracted using the DNeasy Plant Mini kit (Qiagen, 
Toronto, ON), according to the manufacturer’s instructions.
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4.3.4 Marker development, and genotyping by real-time PCR and sequencing of progeny 
spores
In order to efficiently detect low copy numbers of a given mitochondrial haplotype in 
each monosporal culture line, TaqMan isolate-specific markers were developed for each 
parental isolate and were used to genotype monosporal crossed culture lines (Table 4.1 and 
Supplementary Table S4.1). Genotyping of monosporal cultures lines resulting from each 
crossing experiment were performed in 3 replicates with approximately 2.5 ng of DNA per 
replicate. Reactions were carried in 20 l, using iTaq™ Universal Probes Supermix (Bio-Rad, 
Canada) with final primers concentration at 0.5 M and final probes concentrations at 0.1 M. 
Multiplex reactions were performed using 5’FAM, 5’VIC and 5’NED dyes and their 
corresponding quencher. However, due to limited availability of calibrated fluorophores and 
filter limitations of the instrument, we could only perform multiplex qPCR for combinations 
DAOM-197198/DAOM-240415 and DAOM-197198/DAOM-234328 and perform singleplex 
qPCR reactions for the combination DAOM-240415/DAOM234328. Real time PCR assays 
were performed on a ViiA™ 7 Real-Time PCR System (LifeTechnologies, Canada), with both 
programs genotyping for multiplex reactions and comparative Ct for singlepex reactions, at 35 
cycles. PCR amplicons were visualized on a 2.5% agarose gel stained with GelRed 
(Invitrogen, Canada). Successful PCR amplicons were sequenced according to the 
conventional Sanger technique at the Genome Quebec Innovation Center (Montreal, QC). As a 
control for marker specificity, the new TaqMan markers developed were challenged against R. 
irregularis (DAOM 242422 and DAOM 234179) and R. clarus (MUCL 46238). In addition, 
these markers were also tested in the spore progeny issued from the previous study of de la 
Providencia et al. (2013), in order to corroborate and confirm these earlier results.
90
4.3.5 Protein orthology and phylogenetic analysis
Each amino acid sequence of the Saccharomyces cerevisiae MSA and/or protein 
involved in nucleoid formation (i.e. MMM1, MDM10, MDM12, MMM2, MDM31, MDM32, 
ABF2, ACO1 and ILV5) was searched across the R. irregularis DAOM-197198 genome 
assembly (Tisserant et al., 2013) and transcriptome (Tisserant et al., 2012), using TBLASTN. 
Orthologous candidates in R. irregularis genome were recovered using the best-reciprocal 
BLAST hit to these proteins. Seven putative orthologous protein candidates were retrieved in 
R. irregularis; their GenBank accession numbers are ESA09626, ESA18874, ESA14336, 
ESA09628, ESA14201, ESA20109 and ESA20644, respectively. Furthermore, clusters of 
orthologous genes (COGs), gathering sequences from numerous organisms, were determined 
using STRING version 9.05 (Von Mering et al., 2005) for each protein candidate. The 
resulting COGs were aligned using COBALT version 2.01 (Papadopoulos & Agarwala, 2007).
Finding the best phylogenetic model and performing the maximum likelihood phylogenies 
was done using the integrative software TOPALI version 2.5 (Milne et al., 2004). Tree figures 
were completed using TreeGraph version 2.0.47 (Stover & Muller, 2010).
4.4 Results 
4.4.1 Germination and fungal development of monosporal culture lines
Cultures from each combination (DAOM-197198/DAOM-234328; DAOM-
197198/DAOM-240415; DAOM-234328/DAOM-240415) were performed. After identifying 
interaction zones between mycelia from different isolates, which were characterized by the 
formation of hyphal contacts, randomly chosen spores (i.e. progenies) were harvested from the 
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interaction zone of each combination, individually cut out from the mycelium and placed in a 
new cultures (Figure 4.1). For each combination, approximately half of the inoculated spores 
germinated. The observed germination rate corresponds to rates previously observed in four in 
vitro cultured Glomeraceae isolates (Marleau et al., 2011), and therefore is likely not influence 
by an heteroplasmic state. Following root contact and colonisation, some cultures stopped 
their growth, without producing any spores, and therefore could not be used in this study. The 
rate of mycelium development and spore production greatly varied among cultures, the 
combination of isolates DAOM-197198 and DAOM-240415 being the most successful, 
resulting in 18 colonized dishes containing between 200 and 1000 newly formed spores. The 
combination of isolates DAOM-197198 and DAOM-234328 produced seven colonized Petri 
dishes with often fewer than 40 newly formed spores. We obtained 11 poorly developed 
cultures from isolates combination DAOM-234328/DAOM-240415, and only nine produced 
sufficient amount of fungal material required for further analysis. In total, 34 monosporal 
cultures lines were genotyped. 
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Figure 4.1. Schematic drawing of the experimental design. (A) Observation of hyphal 
contacts between two clusters of spores from different isolates and (B) Identification of spores 
produced in anastomosis regions and inoculation of a single spore on a new petri dish with Ri-
T transformed chicory roots i.e. monosporal cultures. After germination and colonisation of 
the petri dish, spores are extracted and their DNA is used for genotyping of the monosporal 
culture. 
93
4.4.2 Genotyping analysis 
All 34 monosporal culture lines genotyped by qPCR approach presented only one 
parental mtDNA haplotype. In all nine progenies of the combination DAOM-197198/DAOM-
234328, we only detected the DAOM-197198 haplotype, while in the combination DAOM-
240415/DAOM-234328, all seven cultures exhibited the DAOM-240415 haplotype. However, 
among the 18 monosporal cultures of the combination DAOM-197198/DAOM-240415, two 
cultures showed the DAOM-197198 haplotype and the other 16 cultures were generated with 
the DAOM-240415 haplotype. Genotyping results are summarized in Table 4.2. qPCR data are 
not shown in this study but are available upon request. Interestingly, our results showed an 
apparent selection and/or segregative bias towards a given haplotype in each combination. 
Indeed, in combinations where DAOM-240415 haplotype was present, it seemed to be 
preferentially selected over the two other haplotypes. Also, the DAOM-197198 haplotype was 
largely dominant over the DAOM-234328 haplotype, which was not recovered in any 
monosporal culture lines. Using the same genetic material from single spores, we also 
corroborated the heteroplasmy detected in an earlier study by de la Providencia et al. (2013) 
(de la Providencia et al., 2013), although at a lower rate, thus confirming non-self fusion 
between genetically-close isolates as an important mechanism shaping genetic exchange 
(Table 4.2). All the markers showed to be isolate-specific when challenged against other 










































































































































































































































































































































































































































































































































































































































































































































































































































4.4.3 Mitochondrial segregation machinery and nucleoid genes orthology in R. irregularis
The genome of R. irregularis DAOM-197198 (Tisserant et al., 2013) possesses 
orthologous genes coding for the core proteic structure of the MSA and involved in the 
formation of nucleoids in S. cerevisiae and other fungi (Figure 4.2). Orthologous candidates in 
R. irregularis corresponded to the best reciprocal blast hit with the corresponding S. cerevisiae
MSA protein (Table 4.3). To confirm orthology, phylogenetic trees were constructed using all 
known orthologous genes in fungi and other organisms. All seven phylogenies we performed 
with clusters of orthologous genes (COGs) supported the idea that R. irregularis proteins are 
orthologs of fungal segregation apparatus and nucleoid proteins (Supplementary Figure S4.1). 
The presence of one S. cerevisiae paralog was observed in the Aco1 phylogeny, as well as two 
yeast homologs and one paralog in Abf2 COG phylogeny. However, in both cases, the R. 
irregularis protein grouped with the expected S. cerevisiae protein, implicated in the 
mitochondrial segregative processes. We did not found any paralogs in R. irregularis. Only 
two genes were not found in AMF, i.e. mdm31 and mdm32. For these, their role in yeast 
remains unclear. They are speculated to play an interactive role with the segregation apparatus 
core components (Dimmer et al., 2005). Further, for these two proteins, the search for COGs 
regrouped only a few yeast sequences, which leads us to believe they might not be necessary 
to the segregation process in other fungi. All orthologs found in R. irregularis are putatively 
functional because they are also found in expressed sequence tags (ESTs) (Tisserant et al.,
2012).
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Figure 4.2. Representation of the putative mitochondrial segregation apparatus and 
nucleoid structure in Rhizophagus irregularis, based on protein orthology with S. 
cerevisiae. The core components of this machinery consist of a complex of three 
mitochondrial membrane proteins, which are Mmm1, Mdm10 and Mdm12 (colored in black). 
Three proteins are thought to interact with the main complex, Mmm2, Mdm31 and Mdm32 
(colored in red). The proteins responsible for mtDNA packaging and nucleoid formation are 
Abf2, Aco1 and Ilv5 (colored in brown, blue and green, respectively). Unknown proteins are 
thought to link the outer membrane complex to the cytoskeleton (colored in orange) and the 
nucleoids to the inner membrane by interacting with Mmm1. The yellow outlining shows 
proteins for which no orthologs were found in R. irregularis (Table 4.3).
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Table 4.3. Evidence for Rhizophagus irregularis protein orthology with the 











ESA18874 Core components of
the mt segregation 
apparatus
 1e-32 44  
Mdm12
ESA14336  2e-15 52  
Mmm1
ESA09626  3e-53 55  
Mmm2
ESA09628 Putative interaction 
with the mt 
segregation apparatus
 5e-11 53  
Mdm31     
Mdm32     
Ilv5
ESA20644
Biosynthesis of Val, 
Ile and Leu  1e-158 76  
Aco1
ESA20109 Citric acid cycle  0.0 84  
Abf2
ESA14201 mtDNA packaging ±
d 1e-14 48  
a Described proteins and known functions in Saccharomyces cerevisiae (Chen et al., 2005), 
along with the accession number of the R. irregularis ortholog protein candidates.
b As shown in supplementary information Figure 4.2.
c Based on the R. irregularis transcriptome data (Tisserant et al., 2012).
d Two proteins in R. irregularis and S. cerevisiae showed close similarity to each other because 
they share the same high mobility HMG-BOX proteic domains.
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4.5 Discussion
4.5.1 Homoplasmy rather than length-heteroplasmy in monosporal cultures lines from 
crossed-cultures
Previous results have shown that biparental mtDNA inheritance leading to an 
heteroplasmic state occurred in the spore progeny from crossed-cultures of divergent R. 
irregularis isolates, however heteroplasmy was not detected in germinated spores (de la 
Providencia et al., 2013). Using TaqMan markers developed in the present study, we did not 
detect heteroplasmy in monosporal cultures from crossed parental isolates but confirmed the 
heteroplasmy status of the crossed cultures spores observed in de la Providencia et al. 2013 (de 
la Providencia et al., 2013), although at a lower rate. Several factors might explain why we 
obtained dissimilar results with markers designed in different intergenic regions. The isolate-
specific mitochondrial markers are designed in highly variable mobile elements rich regions, 
which have been shown to be recombination prone (Beaudet et al., 2013b) and might 
compromise their specificity. Also, the use of the whole genome amplification (WGA) 
technique (de la Providencia et al., 2013) can introduce significant bias regarding the 
insertions of SNPs or the formation of chimeras (Pinard et al., 2006; Lasken & Stockwell, 
2007). The latter could induce an overestimation of the presence of a given haplotype in a 
sample, especially since the occurrence of allelic drop-out and preferential amplification is 
well documented in single cell analysis using a PCR based approach (Findlay et al., 1995). For 
these reasons, TaqMan qPCR assay is more reliable to assess mtDNA inheritance, given the 
nature of the highly variable/dynamic regions in which AMF isolate specific markers are 
designed.
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Earlier studies have demonstrated that genetic exchanges occur via vegetative hyphal fusion 
(i.e. anastomosis), resulting in nuclei coexistence in a common cytoplasm altering both the 
plant and fungal phenotypes (Croll et al., 2009; Angelard et al., 2010; Angelard & Sanders, 
2011; Colard et al., 2011; de la Providencia et al., 2013). Based on the formation of 
anastomosis between genetically-close R. irregularis isolates, several studies have shown that 
heterogeneous populations of nuclei (Angelard et al., 2010; Colard et al., 2011) and mtDNA 
(de la Providencia et al., 2013) are randomly inherited at different frequencies (i.e. 
segregation) (Boon et al., 2013) into the progeny (Marleau et al., 2011). These findings 
support the paradigm that based on the coenocytic nature of the AMF fungal mycelium, nuclei, 
mitochondria and other organelles can flow “freely” and migrate between close or distant 
regions of genetically-close fungal colonies and form the so-called common mycorrhizal 
networks (CMN) (Selosse et al., 2006).
However, studies on nuclear dynamics along the symbiotic extraradical mycelium challenged 
this point of view and brought a somewhat discordant note to the supposed continuous stream 
of mycelial cytoplasm/protoplasm (Bago et al., 1999). Using in vivo two-photon microscopy 
techniques, these authors revealed a patchy distribution of nucleotypes throughout the mycelia 
and also demonstrated that nuclear flow occurs in pulses, being independent from the 
cytoplasmic streaming. These studies suggest that mitochondria, like nuclei, might not be 
equally distributed along hyphae. Therefore, through anastomosis originating from different 
individuals, the inheritance and segregation processes of both organelles into the spore 
progeny could be strongly related to the number, type and frequency of each organelle at the 
interaction zone (i.e. zone of the mycelium where genetically-close individuals fuse and 
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exchange nutrients and genetic information). The latter could explain the lack of detection of a 
heteroplasmic state in the progeny spore used to start the monosporal culture. In the event that 
one haplotype would be crucially underrepresented and therefore the heteroplasmy 
undectectable by a qPCR assay, such a small amount of a mitochondrial haplotype could 
easily be lost through stochastic drift in subsequent subcultures, and consequently 
homoplasmy would persist at the vegetative phase in these fungi. The dominance of some 
haplotypes we observed would still imply a selection and/or segregative bias of one haplotype 
over the other.
Together with our observations of a dominant homoplasmic state in the monosporal crossed 
culture lines, these studies strongly support a plausible mechanism of mtDNA segregation. 
This in turn offers an explanation for the low frequency, revised in this study (Table 4.2), of 
heteroplasmic spores resulting from crossed divergent isolates (de la Providencia et al., 2013)
and the non-detection in this study of heteroplasmic monosporal cultures lines arising from 
these spores.
4.5.2 Evidence for a mitochondrial segregation mechanism in Rhizophagus irregularis
The identification of orthologs to the MSA and nucleoid proteins in R. irregularis
genome and transcriptome offers an explanation for the mitochondrial segregation we 
observed. The S. cerevisiae Mmm1, Mdm10 and Mdm12 proteins are an integral part of the 
mitochondrial membranes and constitute the core components of the MSA. This proteic 
complex connects the mitochondrial outer membrane to the actin cytoskeleton in yeast 
(Boldogh et al., 1998; Boldogh et al., 2003), while Mmm1 is thought to link mitochondrial 
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nucleoids to the inner membrane of the mitochondria (Hobbs et al., 2001). Proteins involved 
in the MSA have not been reported to play a role in other molecular pathways in S. cerevisiae.
The fact that we found orthologs of these proteins in AMF gives new insights into the 
structural intricacies that could potentially hamper the heterogeneous distribution of parental 
haplotypes in the spore progeny, following hyphal fusion. If indeed mitochondria were linked 
to the cytoskeleton (i.e. either actin or microtubules), along with their mtDNA bound to the 
inner membrane, they certainly would not be flowing easily in the cytoplasm. This hypothesis 
could potentially explain why the fungal protoplasm moves slowly after anastomosis between 
two divergent isolates as observed earlier (de la Providencia et al., 2013). Also, three proteins 
of the mitochondrial membrane are also proposed to interact with the core components of the 
MSA, which are Mdm31, Mdm32 and Mmm2. They are thought to play a role in nucleoid 
stability, mitochondrial morphology and distribution in yeast (Youngman et al., 2004; Dimmer
et al., 2005). However, we only found an ortholog for the Mmm2 protein, which might 
suggest that other proteins could play the same function as Mdm31 and Mdm32 or that they 
are not essential in the AMF mitochondrial segregation pathway. 
Further, we identified orthologs for the three proteic constituents of mt-nucleoids in AMF. The 
Abf2 protein is the core packaging element of mt-nucleoids in yeast. It is a non-histone DNA 
binding high mobility group (HMG) protein, which shows homology to nuclear chromatin 
proteins (Landsman & Bustin, 1993). This homology explains the difficulty of obtaining the 
best reciprocal blast (Table 4.3). The COG used to perform the Abf2 phylogeny 
(Supplementary Figure S4.1) included other proteins that were homologs, and also paralogs, 
since S. cerevisiae underwent an ancient genome duplication (Kellis et al., 2004). The two 
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other essential components of mt-nucleoid are the bi-functional proteins Aco1 and Ilv5 
(Bateman et al., 2002; Chen et al., 2005). They are both highly conserved in AMF, probably 
due to their metabolic role in the citric acid cycle and amino acid biosynthesis, respectively 
(Petersen & Holmberg, 1986; Chen & Butow, 2005; Chen et al., 2005). Their expression is 
metabolically regulated and they play a role in packaging mtDNA into favourable 
conformations, while protecting DNA against oxydative stress. The detection in R. irregularis
genome and transcriptome of well conserved orthologous proteins involved exclusively in the 
MSA, suggest that they are functional and that they might also be involved in a similar process 
in AMF. The existence of mt-nucleoids in AMF is important because it accelerates the rate at 
which mtDNA would segregate, since it is directly correlated to the effective population size 
(White et al., 2008). Nucleoids were also shown to create a genetic bottleneck and to be 
responsible for the rapid mitochondrial segregation observed in yeast (Birky et al., 1978).
Interspecific differences in the morphology, size and distribution of mitochondrial nucleoids 
have been visualized using different microscopic methods in yeast (Williamson & Fennell, 
1976; Miyakawa et al., 1987). To further investigate these findings in Glomeromycota, it 
would be interesting to perform immunofluorescent experiments targeting AMF putative 
nucleoid proteins, since green fluorescent protein (GFP) tagging has been shown to be 
transient and render unstable transformants in these multinucleated coenocytic organisms 
(Helber & Requena, 2008).
4.6 Conclusion
Although mitochondrial homoplasmy seems to be the rule rather than the exception in 
monosporal progeny originating from in vitro crossed-cultures, the coexistence of numerous 
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mtDNA haplotypes in the same cytoplasm and the occurrence of homologous mitochondrial 
recombination might be a common status in natural populations. This assumption is based on 
the fact that in the field, AMF constantly interact with other individuals, potentially giving rise 
to highly dynamic and frequent hyphal fusions. A detailed study of mitochondrial genetic 
diversity in natural populations and/or perturbed environments of AMF is needed in order to 
unravel the underlying fundamentals for further application of mitochondrial markers in 
population genetic studies. Further, the amenability of the yeast genetic system allowed us to 
provide genetic evidence supporting the existence of MSA. This provides the building blocks 
for a better understanding of the mitochondrial inheritance process and segregation in these 
fungi. Much remains to be learned about how the proteins potentially implicated in these 
structures interact with other elements and influence mtDNA organization and inheritance in 
AMF.      
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Mise en contexte (Chapitre 5) - quelle est la diversité mitochondriale intra-
isolat in situ ?
Les colonies de CMA sont caractérisées par l'inter-connection de différentes parties de 
leur réseau hyphal par l'entremise d'anastomoses (Giovannetti et al., 1999; de la Providencia et 
al., 2005; Voets et al., 2006; Purin and Morton, 2012), ce qui peut mener à des échanges 
génétiques, entre des individus génétiquement distincts. Cette dynamique de fusions hyphales 
dans les populations naturelles peut aussi prévenir la perte de diversité engendrée par la 
ségrégation et la dérive génétique (Bever & Wang, 2005). Récemment, des croisements in 
vitro entre des isolats génétiquement distincts de G. irregulare ont démontré l'induction d'un 
statut hétéroplasmique dans la progéniture sporale (de la Providencia et al., 2013). Même si 
l'hétéroplasmie des CMA n'a jamais été observée dans les populations naturelles (in situ), ces
résultats expérimentaux, combinés à l'observation de recombinaison homologue entre 
différents haplotypes mitochondriaux (Beaudet et al., 2013b), suggèrent la présence 
d'hétéroplasmie in situ. La coexistence chez les CMA de différents haplotypes mitochondriaux 
au sein d'un cytoplasme commun et la recombinaison homologue entre ces haplotypes pourrait 
constituer des évènements rencontrés fréquemment dans les populations naturelles, comme il a 
été démontré dans des populations du Basidiomycète Armillaria gallica (Saville et al., 1998).
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Arbuscular mycorrhizal fungi (AMF) are multi-nucleated and coenocytic organisms, 
and the extent of their intra-isolate nuclear genetic variation has been a source of debate. 
Conversely, their mitochondrial genomes (mtDNAs) have appeared to be homogeneous within 
isolates. Although several lines of evidence have challenged mtDNA homogeneity in AMF, 
extensive survey of investigating intra-isolate allelic diversity has not previously been 
undertaken. In this study, we used a conventional PCR-based approach on selected 
mitochondrial regions with a high fidelity Taq polymerase, followed by cloning and Sanger 
sequencing. Two isolates of Rhizophagus irregularis were used, one cultivated in vitro for 
several generations (DAOM-197198) and the other recently isolated from the field (DAOM-
242422). We also investigated the persistence of mtDNA variability at the transcriptional 
level. We found substantial intra-isolate allelic variation within the mtDNA that persists in the 
transcriptome. This variation was also shaped by the presence of mitochondrial DNA copies 
within nuclear genomes (Numts). Our study suggests that genetic variation in Glomeromycota 
is higher than had been previously assumed, and might be grossly underestimated in most 
NGS-based AMF studies in both mitochondrial and nuclear genomes.
5.2 Keywords
Arbuscular mycorrhizal fungi, mitochondria, heteroplasmy, NGS and Sanger sequencing, 
Rhizophagus irregularis, protein co-expression.
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5.3 Introduction
The success of land plant colonization around 450 million years ago and its further 
evolution was facilitated by their interaction with the arbuscular mycorrhizal fungi (AMF)
(Brundrett, 2002), an ancient group of root-inhabiting fungi belonging to the phylum 
Glomeromycota (Schussler et al., 2001). They are considered to be obligate biotrophs and 
during their interaction with plants, these fungi are rewarded with fixed carbon (Kiers et al.,
2011) in exchange for highly specialized services (eg. increase of nutrients and water uptake 
and resistance against pathogens) that enhance plant health and fitness (reviewed in (Smith & 
Read, 2008)). The welfare of these services could be enhanced by modifying the shape of their 
genomic organization (Angelard & Sanders, 2011) through segregated lines and crossed-
cultures. 
However, the coenocytic nature of the AMF mycelium, the absence of a developmental stage 
reduced to a single nuclei combined with the ability of genetically divergent isolates to fuse 
and exchange genetic information (Croll et al., 2009; Angelard & Sanders, 2011; de la 
Providencia et al., 2013) have challenged the interpretation on how genetic variation is
organized and maintained within these fungi over multiples generations (Sanders & Croll, 
2010). Two possible scenarios have been proposed, homokaryosis and heterokaryosis. The 
homokaryotic state suggests that the nuclear polymorphism is the result from orthologous 
allelic variants partitioned between chromosomes (polyploidy) or paralogous copies within a 
chromosome (Pawlowska & Taylor, 2004) while in the heterokaryotic state, different allelic 
variants could be evenly partitioned among distinct nuclei or be presented in a consortium of 
complementary nuclei (Kuhn et al., 2001; Hijri & Sanders, 2005). These hypothesis might not 
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exclude each other since the genetic variation among and within nuclei is likely to be a 
continuum between these two scenarios, being shaped by modest rates of hyphal fusion and 
segregation (Bever & Wang, 2005). Recent next generation sequencing (NGS) based-studies, 
investigating nuclear polymorphism (Tisserant et al., 2013) by comparing single nucleus 
genomes in the model organism Rhizophagus irregularis (Lin et al., 2014), revealed that 
genetic variation among nuclei is low, thus supporting the homokaryotic organization and 
haploidy in this fungus. 
In contrast with the controversial debate about the nuclear genome organization, the 
publication of 14 mitochondrial genomes (mtDNA) (Lee & Young, 2009; Formey et al., 2012;
Nadimi et al., 2012; Pelin et al., 2012; Beaudet et al., 2013b; de la Providencia et al., 2013)
has revealed high intra-isolate homogeneity, with no apparent polymorphism, even while 
thoroughly investigated (Lee & Young, 2009; Formey et al., 2012). However, the detection of 
transient length-heteroplasmy caused by non-self hyphal fusion between divergent isolates (de 
la Providencia et al., 2013), evidences of mitochondrial horizontal gene transfer (Beaudet et 
al., 2013a), the occurrence of homologous recombination events between distinct mtDNA
haplotypes (Beaudet et al., 2013b) and the existence of a high rate of short indels detected in 
NGS studies (Formey et al., 2012), suggested that coexistence of numerous mtDNA 
haplotypes in the same cytoplasm might be a common status in natural AMF populations. This 
assumption is based on the fact that in the environment AMF constantly interact with each 
other through hyphal fusions, potentially giving rise to fungal cells harbouring multiple 
genomes. Further, in the absence of external factors, such as selection pressure,  heteroplasmy 
should be the default state for mtDNA under a combination of mutation accumulation and 
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genetic drift (White et al., 2008). For these reasons, we investigated the occurrence of intra-
isolate heteroplasmy in Glomeromycota, and whether mtDNA variation persists at the 
transcriptome level, as already demonstrated for nuclear genes (Boon et al., 2010).
In order to test our hypothesis and investigate the presence of intra-isolate allelic variations 
within AMF mtDNA, we returned to the basics, using a reliable PCR-based approach with a 
high fidelity Taq polymerase, followed by cloning and Sanger sequencing of selected mtDNA 
regions. We used two Rhizophagus irregularis isolates for this study, DAOM-197198 and 
DAOM-242422, recently isolated from petroleum-polluted soil. We expected to find higher 
intra-isolate allelic diversity of mtDNA in the isolate DAOM-242422, which has recently been 
isolated from a soil that is highly contaminated with petroleum, than in DAOM-197198, which 
has been cultured for more than 40 generations in vitro, and was previously shown to have 
homogeneous mtDNA(Formey et al., 2012; Nadimi et al., 2012). Surprisingly, we observed 
substantial intra-isolate allelic variation within the mtDNA of both strains. Most interestingly, 
we observed mtDNA variability in the model isolate R. irregularis DAOM-197198 that had 
been overlooked by previous next generation sequencing (NGS) based studies. This variation 
persisted at the transcriptome level, resulting in the co-expression of several distinct 
transcripts.
5.4 Material and methods
5.4.1 Fungal growth conditions 
Culture of R. irregularis DAOM-197198 was routinely maintained in our domestic 
collection in association with Ri-T-DNA transformed chicory (Cichorium intybus L.) roots 
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following the protocol described in Cranenbrouck et al. (Cranenbrouck et al., 2005). This 
isolate has been distributed to several laboratories worldwide and maintained under in vitro
conditions since 1992 (Cardenas-Flores et al., 2010). Cultures from DAOM-197198
maintained by the Eastern Cereal and Oilseed Research Centre, Ottawa, ON (GINCO-Canada) 
and Premier Tech Biotechnology, Rivière-du-loup, QC, Canada (www.premiertech.com) were 
also used in this study. Pure cultures of R. irregularis DAOM-242422 were obtained by 
trapping AMF propagules from highly petroleum polluted-soils in Allium porrum L. (leek) and 
further association to Ri-T-DNA transformed chicory roots as described in (Cranenbrouck et 
al., 2005). Only the first generation (G1) of pure (i.e. monoxenic) cultures were considered for 
this study (Figure 5.1).
5.4.2 DNA extraction 
Following spores and mycelium extraction from the gellan gel (Doner & Bécard, 
1991), samples were pulverized in liquid nitrogen and total genomic DNA for both cultures 
was extracted using the DNeasy Plant Mini kit (Qiagen, Rockville, MD) according to the 
manufacturer’s instructions. DNA was stored at -20 °C until use.
5.4.3 Molecular marker development
Multiple alignments were performed on the variable intergenic regions of the complete 
sequenced R. irregularis mitochondrial genomes. Further, three intergenic regions were 
selected since they are non-coding and prone to accumulation of mutations. These regions 
were chosen based on their length, cob-nad4 (400 bp), cox2-atp8 (962 bp) and nad4-nad1
(427 bp), to facilitate the PCR amplification and downstream cloning and sequencing steps. 
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The mitochondrial NADH dehydrogenase subunit I (nad1) protein coding gene (642 bp) and 
the single copy nuclear 40S ribosomal protein S2 (rps2) (670 bp) were used as controls, since 
the first has been shown to be homogenous in R. irregularis DAOM-197198 mtDNA (Formey
et al., 2012; Nadimi et al., 2012) and the latter was previously shown polymorphic within an 
isolate of R. irregularis (Boon, 2012) (Table 5.1). 
Table 5.1. PCR primers used in the mitochondrial diversity screening and in the RT-
PCR experiments on the nad4 C-terminal structural variants.














































5.4.4 Polymerase chain reaction (PCR)
The pre-cloning PCR mixture was made up of 1X PCR buffer, 1.5 mM MgCl2, 0.2 mM 
of each deoxynucleotide triphosphate (dNTP), 0.5 mM of each primer, and 1 ul unit of 
Phusion Taq (Agilent Technologies), and 1 ul of DNA template in a volume of 20 ul. Thermal 
cycling parameters were as follow: Initial denaturation at 94°C for 3 min; 35 cycles at 94°C 
for 30 sec, 54°C for 25 sec, 72°C for 72 sec and the final elongation at 72°C for 10 min. PCRs 
were done on a Eppendorf Mastercycle ProS. PCR products were separated by electrophoresis 
using 1% (w/v) agarose gel using Gelred, visualized under ultraviolet light and images were 
recorded by Gel-Doc system (Bio-Rad, Canada).
5.4.5 Cloning, post-cloning PCR and sequencing
PCR products were purified with the Qiaquick PCR purification Kit  and quantified 
using Qubit according to the manufacturer’s instructions. PCR products were cloned using the 
strata clone ultra Blunt PCR cloning Kit (Agilent technologies) following the manufacturer’s 
recommendations. 2 ul of ligation product were incubated at room temperature during 5 min 
with 3 µl of Strata clone Cloning Buffer and 1 ul of Strataclone vector Mix. 1 µl of ligation 
product were used to transform one tube of competent cells. After a 45 sec heat shock at 42°C, 
250 ul of SOC medium were added to the transformed cells and incubated at 37°C with 
agitation for one hour. 100 ul of transformed cells were spread on LB agar plates containing 
X-Gal (40 mg/ml), IPTG (100 mM) and ampicilin (100 mg/ml). After an overnight incubation 
at 37°C, white bacterial colonies were spiked and transferred into 20 µl of PCR master mix for 
amplification. Screening PCR protocol was performed using KAPA2G Taq as follows: Initial 
denaturation at 94°C for 3min then 35 cycles at 94°C for 30 sec, 54°C for 25 sec, 72°C for 72 
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sec and the final elongation at 72°C for 10 min. Sanger sequencing was commercially 
performed on an Applied Biosystems 3730xl DNA analyzer at the Genome Quebec Innovation 
Centre (McGill University, Montreal, Canada).
5.4.6 RNA extraction and cDNA synthesis
RNA extraction was only performed on eight-weeks old DAOM-197198 cultures using 
an E.Z.N.A. fungal RNA Kit (Omega Biotek) according to manufacturer’s recommendations. 
Residual DNA fragments were removed as described in Beaudet et al., (2013a). In total, 50 ul 
of 100 ng/ul of RNA was collected and stored at -80 °C until use. The SuperScript III reverse 
transcriptase kit (Life Technologies, Canada) was used for cDNA synthesis modifying 
manufacturer’s recommendations according to Beaudet et al. Beaudet et al., (2013a), with 
oligo dt (12-18) and gene specific primers. Resulting cDNA were stored at -20 °C until use.
5.4.7 mRNA expression experiment
In order to perform PCR confirming the mRNA expression of the four nad4 C-terminal 
structural variants found, five pairs of variant specific primers were designed, along with an 
intergenic control region, (Table 1). Amplifications with cDNA as template were carried for 
all variants, and multiple controls were included to ensure the specificity of reactions. PCR 
amplification were carried using 1X PCR buffer, 1.5 mM MgCl2, 0.2 mM of each 
deoxynucleotide triphosphate (dNTP), 0.5 mM of each primer, and 1 ul unit of Taq (Kapa 
biosystems), and 2 ul of cDNA template in a total volume of 20 ul. Thermal cycling 
parameters were as follow: initial denaturation at 95°C for 2 min; 35 cycles at 95°C for 30 sec, 
52 to 55°C for 30 sec, 72°C for 40 sec and final elongation at 72°C for 12 min. PCRs were 
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performed on a Eppendorf Mastercycle ProS. PCR products were separated by electrophoresis 
using 2% (w/v) agarose gel using Gelred, visualized under ultraviolet light and images were 
recorded by Gel-Doc system (Bio-Rad, Canada).
5.4.8 Sequence and diversity analysis 
Sequences were edited, cleaned and assembled in Geneious Pro v6.1.2. (Biomatters 
Ltd, Auckland, New Zealand). Alignments were done using MUSCLE v.3.5 (Edgar, 2004). In 
the presence of a putative SNP site, we checked the sharpness of the nucleotide sequences and 
further confirmed its occurrence if it was present on both sequencing strands. If only one
sequence identified the SNP, the anomaly was considered a sequencing error. The presence of 
chimeras was inspected on the Bellerophon software (Huber et al., 2004) using the Huber-
Hugenholtz correction parameter with a 300 bp window. Nucleotide consensus sequences 
were deposited on GenBank database and are registered under the accession numbers 
KJ775870-.KJ776340.
For each selected region, the consensus sequences retrieved were imported in the program 
Mothur version 1.29.2 (Schloss et al., 2009) in order to compute allelic frequencies. Two 
sequences with a single nucleotide difference were considered distinct alleles. To compare 
allelic diversity among isolates and loci sampled at different depth (different number of 
clones), we performed a coverage-based rarefaction and extrapolation analysis using the iNEXT
package version 1.0 (Hsieh, 2013) in R version 3.0.2 (Team, 2013) with 1000 bootstrap re-
sampling for the construction of 95% confidence intervals, the details of this method are 
described in (Chao et al., 2013) and (Chao & Jost, 2012). The estimated sample coverage, 
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which is a measure of sample completeness (Good, 1953), and the Chao-1 index, which is an 
estimator of asymptotic species richness (Chao, 1984), were also computed with the iNEXT 
package.
5.4.9 Searching for mitochondrial DNA copies (numts) in nuclear genomes 
The BLASTn analysis were performed on the nuclear assemblies of R. irregularis 
DAOM-197198 (Tisserant et al., 2013; Lin et al., 2014) using all the mitochondrial loci 
investigated in this study as query. We considered the four single nuclei (N6, N31, N33 and 
N36) and two DNA samples (DNA1 and DNA2) of Lin et al. (2014) as independent 
assemblies, along with the one published by Tisserant et al. 2013. The presence of potential 
numts was considered if they met the following criteria: more than 100 nucleotides in length, 
with an e-value of 1E-20 or higher and flanked by non-mitochondrial sequences on the contig.
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Figure 5. 1. Experimental design and detection of the genetic variation in R. irregularis
isolates mitochondrial genome using a PCR-cloning and Sanger sequencing approach.
5.5 Results
5.5.1 Allelic diversity comparison between two R. irregularis isolates
A total of 471 consensus clone sequences were obtained by Sanger sequencing and 
further analyzed for the presence of chimeras and allelic variations.  In total, seven putative 
chimeras were detected in the R. irregularis DAOM-197198 nad4-nad1 intergenic region, but 
were kept in the downstream analysis after manual inspection, since their preference scores 
were close to 1.0. A summary presenting the results for each of the five regions is shown in 
Table 5.2 and the rarefaction and extrapolation curves for the different loci and isolates are 
displayed in Figure 5.2. We also investigated the recently published nuclear genome 
assemblies (Tisserant et al., 2013; Lin et al., 2014) for the presence of potential nuclear 
mitochondrial copies (numts) of the regions we investigated in this study. We found the 
presence of partial nad4 and nad1 CDS, along with partial cox2-atp8 sequences on nuclear 
contigs. No potential numts were found for the cob-nad4 intergenic region. Surprisingly, a 
complete nad4-nad1 mitochondrial intergenic region, with almost perfect identity to its 
mitochondrial counterpart, was observed on a nuclear contig, but it was only present in one 
(DNA2) of the seven assemblies (Table 5.3). 
As expected, we could not compute the rarefaction and extrapolation statistics for the nad1
gene in the DAOM-197198 isolate since it did not show any variation. Indeed, the 47 clones 
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sequenced for the DAOM-197198 strain displayed a unique allele. For the same locus, eight 
distinct variants were identified for the DAOM-242422 isolate and the Chao-1 estimator 
indicates it could reach a diversity of 29 alleles. These eight variants harboured 12 
polymorphic sites, with interestingly 11 non-synonymous mutations. The nuclear rps2 gene 
was represented by five different alleles and the estimated Chao-1 diversity was close to 10 for 
both isolates. All mitochondrial intergenic regions exhibited intra-isolate genetic variation, 
generally between two and five different alleles. In almost all cases, the number of 
polymorphic sites in the sequences alignment was close to the number of alleles, which means 
that the divergence between the allelic variants was only one or two SNPs. Further, we noted 
the presence of a dominant allele in each region (Table 5. 2). Surprisingly, the DAOM-197198 
isolate exhibited high diversity for the nad4-nad1 locus, with 20 observed variants and over 56
estimated alleles. The estimated coverage (Table 5. 2) and the shape of the rarefraction curves 
(Figure 5. 2) indicate that most regions reached saturation for the two isolates, with the 
exception of the DAOM-197198 nad4-nad1 region. In the latter, the estimated coverage is 
only 63% whereas all the other values are close or above 90%. This shows that, in general, the 
sequencing depth was sufficient to capture most of the allelic diversity present within each 
isolate. 
5.5.2 Structural allelic variants and their mRNA expression
As described above, the nad4-nad1 mitochondrial intergenic region of the model R. 
irregularis isolate DAOM-197198 exhibited high diversity (Figure 5.3A), with seven 
structural variants showing the presence of indels (Figure 5.3B). Four of these variants 
showing the presence of indels were variable in the C-terminal region of the NADH 
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dehydrogenase subunit 4 (nad4) mitochondrial protein-coding gene. The observed variation in 
the nad4 C-terminal region did not cause any frameshift that could potentially hamper 

























































































































































































































































































































































































































































































































































































































Figure 5. 2. Rarefaction curves inferred with the allelic diversity present at each 
investigated mitochondrial loci. The nad1 gene (A) and the nuclear single copy gene 40S 
rDNA protein S2 (B) were used as controls (shaded in gray) and compared to three 
mitochondrial intergenic regions. The cob-nad4 (C), cox2-atp8 (D) and nad4-nad1 (E) 
intergenic regions were investigated. The coverage based rarefaction (solid lines) and an 
extrapolation up to 100 clones (dashed lines) are shown. A confidence interval of 95% (shaded 
area, based on a bootstrap method with 1000 replicates) of the allelic diversity from cloning 
sequencing (filled circles) is represented. The comparison was done with R. irregularis model 
isolate DAOM-197198 (blue line) and the first generation R. irregularis strain DAOM-242422
(red line).
potentially give rise to four distinct nad4 proteins ranging from 485 to 499 amino acids in 
length (Figure 5.3C). This unexpected structural variation was not found in DAOM-242422
isolate. Interestingly, the 454 sequencing reads of the DAOM-197198 isolate showed the 
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presence of these indels (data not shown), which were previously overlooked. Also, to rule out 
the hypothesis of in house contamination, we confirmed the presence of the allelic variation in 
the two other DAOM-197198 isolates originating from different laboratories (i.e. GINCO-
Canada and Premier Tech) (Supplementary information Figure S5.2). Further, we assessed the
mRNA expression of the four potential nad4 proteic variants. We conducted a RT-PCR 
experiment on the DAOM-197198 cDNA using specific markers for each of the variants. The 
results showed that all four variants are expressed (Supplementary information Figure S5.3) 
and thus give rise to the co-expression of at least four distinct nad4 proteins within a common 
cytoplasm. 
5.6 Discussion
5.6.1 Mitochondrial genetic diversity is higher than meets the eye 
Although, there is no unambiguous concluding evidence of homoplasmy in 
Glomeromycota, it has been consensually agreed that low levels of mtDNA variation is 
ubiquitous and intrinsic feature of AMF mtDNA (Raab et al., 2005; Börstler et al., 2008; Lee 
& Young, 2009; Formey et al., 2012). Furthermore, low levels of intra-isolate variation have 
been mainly attributed to sequencing errors generated by the NGS platforms and was ignored 
by the downstream assembly process which often purge variation within a polymorphic 
sample, hampering the detection of SNPs and indels (Miller et al., 2010). In this study we 
examined the inter- and intra mtDNA variation in two R. irregularis isolates using cloning and 
Sanger sequencing approaches in selected mitochondrial regions and we have found that 
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indeed, there is a substantial amount of mtDNA variation that even persist in the 
transcriptome. 
The two R. irregularis isolates showed the presence of polymorphism either in the 
mitochondrial intergenic loci or in the two control loci we selected for this study, the nad1
gene and the single copy nuclear rps2 gene. The surprise came mostly from the nad4-nad1
intergenic region, where the model R. irregularis isolate DAOM-197198, known for its 
mtDNA homogeneity (Formey et al., 2012; Nadimi et al., 2012), harboured a stunning number 
of 20 distinct alleles, that could reach up to a richness of 56.56 based on the Chao-1 estimator. 
Our study covered only 63% suggesting that not all the diversity could have been recovered 
(Table 5.2). In this particular region, seven out of these 20 allelic variants show the presence 
of indels which is reminiscent of the divergence usually observed between isolates of the same 
species (Formey et al., 2012; Beaudet et al., 2013a), rather than within an individual. In order 
to rule out the possibility of in-house contamination, we corroborated the presence of these 
indels in the same isolate originating from two other laboratories (Supplementary information 
Figure S5.2). 
Also, we revisited the 454 sequencing reads (i.e raw data) of the DAOM-197198 strain 
(Nadimi et al., 2012) and we found indels in the set of reads of the nad4-nad1 region, however 
the downstream assembly purged that variation in the consensus contig. Formey and 
colleagues (Formey et al., 2012) observed a similar scenario. The authors identified high rate 
of short indels in reads when mapping them on the nuclear and mitochondrial genome, but 
were further discarded as 454 sequencing errors. Our main concern is mostly in the filtering 
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algorithms (Miller et al., 2010) commonly used to analyse the SNPs or indels diversity present 
in NGS reads. In fact, the usual filtering parameters consider a variant only if it is present 
more than two times in a read set (Lee & Young, 2009; Formey et al., 2012), which is already 
challenged by a wide range of genomic phenomena (i.e. homopolymeric repeats) (Reviewed in 
(Miller et al., 2010). This can be problematic in studies aiming to investigate for low level 
mutations (LLMs), like in population genetics, heteroplasmic mtDNAs or in multigenomic 
organisms such as AMF, where a substantial sequencing depth is required in order to confirm






































































































































































































































































































































































































































































































































































Figure 5. 3. Schematic representation of the intra-isolate mitochondrial allelic diversity 
found in the model AMF isolate R. irregularis DAOM-197198. The simplified representation 
of R. irregularis mtDNA, where the open reading frames, DNA polymerase genes and small 
inverted repeats are not shown (A), serves as template to locate the investigated loci in the 
present study. The seven structural variant found in the nad4-nad1 intergenic region are shown in 
an alignment (B). The four nad4 C-terminal protein variants are shown in an amino acid 
alignment and are expressed at the mRNA level (Supplementary Information Figure S5.3) (C).
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5.6.2 Mitochondrial protein variants co-expression in R. irregularis DAOM-197198
The R. irregularis DAOM-197198 isolate harboured at least 20 distinct alleles in the 
nad4-nad1 intergenic region (Figure 5.3A), seven of them were structural variants (Figure 5.3B). 
Four of these variants had indels located in the C-terminal portion of the mitochondrial nad4 
protein coding gene. The divergence observed in the C-terminal region of the R. irregularis
DAOM-197198 was reminiscent of the endonuclease-mediated partial gene duplication 
previously reported in AMF mtDNA and other fungi (Paquin et al., 1994; Beaudet et al., 2013a),
but we have not found an endonuclease ORF nor any eroded remnants downstream of the 
sequence. The presence of these indels in the nad4 CDS was rather surprising since their 
occurrence did not cause any frame-shifts that could hamper their rightful translation, but rather 
could potentially give rise to the expression of at least four protein variants with length ranging 
between 485 and 499 amino acids (Figure 5.3C). Their expression was confirmed by RT-PCR on 
the cDNA, thus testified for the co-expression of mitochondrial protein variants within a common 
cytoplasm. Further, the R. irregularis DAOM-242422 isolate had eight distinct alleles for the 
nad1 locus with 11 out of 12 non-synonymous mutations in the polymorphic sites. Although we 
did not test their mRNA expression, this could also lead to the co-expression of at least eight 
different nad1 protein variants in that particular strain. The differential selection pressures 
between the originating environment of the two R. irregularis isolates (i.e. one from an oil-
contaminated soil and the other cultivated in vitro for more than 40 generations) might have 
played a role in shaping the allelic diversity we observed in this study. However, in light of these 
results, protein variants co-localization within a fungal cell might be intrinsic in AMF and 
probably constitutes an important evolutionary mechanism. It would be interesting to see whether 
the segregation or differential expression of mitochondrial variants could have an effect on AMF 
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fitness but also on the host plant, like was previously shown for the nuclear genome (Angelard & 
Sanders, 2011).
5.6.3 Mitochondrial DNA copies  in nuclear genomes (numts)
The presence of 16 single-base substitutions and three regions of indels that were each 
supported by at least two reads in the nad4-nad1 mitochondrial intergenic regions has already 
been noted (Lee & Young, 2009). However, these variants were attributed to the presence of
numts. With the recently assemble nuclear genome or R. irregularis DAOM-197198, it is worthy 
to mention the detection of mitochondrial pseudogenes in the nuclear genome. We considered the 
four single nuclei (N6, N31, N33 and N36) and two DNA samples (DNA1 and DNA2) of Lin et 
al. 2014 as independent assemblies, along with the one published by Tisserant et al. 2013. When 
we searched for possible numts of the mitochondrial region we investigated in this study, we 
found partial coding sequences (CDS) of the nad4 and nad1 gene. Taking into account these 
observations, we hypothesize that the variation we found in this particular region might have 
been shaped by the ongoing evolutionary process of natural DNA transfer from mitochondria to 
the nucleus (Hazkani-Covo et al., 2010). Numts are widespread in eukaryotes (Hazkani-Covo et 
al., 2010), and are thought to be usually non-functional (Bensasson et al., 2001). Their presence 
does not compromise the validity and novelty of our results since we have demonstrated the 
unambiguous presence of allelic variants in the mtDNA through syntenic amplifications and 
confirmed their mRNA expression, thus supporting intrinsic heteroplasmy. 
Surprisingly, we found a bona fide complete nad4-nad1 intergenic region  (with again partial 
CDS) on a nuclear contig. However, that particular contig was present in only one of the seven 
investigated nuclear genome assembly. It could therefore be the result of a false assembly, 
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especially since the intergenic region was perfectly conserved, which is unexpected since a rapid 
erosion is usually observed for these transfers (Hazkani-Covo et al., 2010). Interestingly, if the 
presence of this particular numt is confirmed, it would mean that the high allelic variation we 
observe in the nad4-nad1 region might be shared not only between mt-haplotypes, but also 
among distinct nuclei.
5.6.4 Intra-isolate mtDNA genome heterogeneity in Glomeromycota
It is difficult to disentangle the genetics of AMF, mainly because there is no stage in their 
life cycle where a cell harbours a single nucleus. The absence of such a genetic bottleneck allows
multiple nuclei and mitochondria to be inherited through generations, possibly resulting in 
individuals containing a variable number of diverse genomes (Boon et al., 2013). Indeed, some 
studies have corroborated this issue by detecting genotype inheritance at different frequencies 
(i.e. segregation) of known or anonymous alleles into the progeny (Angelard & Sanders, 2011;
Boon et al., 2013). Others also pointed out that genetic variation has never been exhaustively 
sampled for these fungi (Boon et al., 2013), indicating that AMF could not be described as 
organisms harbouring a single genome sequence. The detection of numerous variants of mtDNA 
in both R. irregularis isolates but also the co-expression of at least four protein variants in the 
model organism DAOM-197198, suggests that an AMF isolate harbour a population of different 
mitochondrial genomes. The existence of multiple genomes both in nuclei and mitochondria 
might have played a key role to the evolutionary success of these putative asexual fungi. 
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5.7 Conclusions and outlook
Our findings suggest that the allelic diversity in R. irregularis might be critically 
underestimated and raise the question of whether the polymorphism detected in this study was 
overlooked in previous NGS based studies (Formey et al., 2012; Nadimi et al., 2012) and 
probably in other published mitochondrial and nuclear genomes. We have detected a substantial 
amount of variation in two isolates of R. irregularis and as already found for nuclear markers 
(Boon et al., 2010) it persisted at transcriptional level, thus rejecting the hypothesis of 
homoplasmy. Further, the presence of this intra-isolate mitochondrial variation was shown 
difficult to delimitate from NGS sequencing errors. Future research might be addressed to study 
whether co-expression of mtDNA variants and their segregation might influence the AM 
symbiosis. This aspect might be of relevant importance in agro-ecosystems since the 
manipulation of the AMF genetics was shown to shape plant fitness.   
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Chapitre 6 - Discussion générale
6.1 Résumé des résultats et faits saillants de la thèse
La présente thèse de doctorat a démontré la présence de variation génétique substantielle 
intra- et inter-spécifique, engendrées par l'invasion d'éléments mobiles (comme les dpo, les 
mORF et les SIR) dans les génomes mitochondriaux des CMA, donnant lieu à une évolution 
moléculaire rapide des régions intergéniques et des introns. Cette variation permettait pour la 
première fois de développer des marqueurs spécifiques à des isolats de la même espèce. De plus, 
l'observation de duplications partielles de la région C-terminale de plusieurs gènes 
mitochondriaux codant pour des protéines, a permis d'inférer par analyses phylogénétiques, la 
possibilité de transfert latéral de gènes entre souches de CMA (Chapitre 2). Ces indices 
d'échanges génétiques entre souches laissaient présager que les anastomoses (c.a.d. fusions 
hyphales) pourraient être un mécanisme permettant le mélange d'haplotypes mitochondriaux, à 
l'instar des génomes nucléaires (Croll et al., 2009).
L'insertion d'éléments mobiles, comme ceux énumérés précédemment, dans les régions 
intergéniques soulevait des questions intéressantes, puisqu'ils avaient été démontrés être à 
l'origine de réarrangements génomiques chez d'autres organismes. À l'aide d'une approche 
évolutive par réseaux de similarité de gènes sur toutes les séquences de dpo présentes dans les 
bases de données publiques, ainsi que dans les génomes mitochondriaux des CMA, on a été en 
mesure de démontrer des évènements de recombinaisons homologues entre des haplotypes 
mitochondriaux distincts, menant à des réarrangements génomiques,  ainsi qu'un cas possible de 
transfert latéral de gènes entre plantes et CMA (Chapitre 3). Cette approche analytique par réseau 
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sur les éléments mobiles constituait une première. De plus, l'observation des signatures 
moléculaires de recombinaison homologue entre différents haplotypes mitochondriaux permettait 
encore une fois d'amener l'hypothèse de la colocalisation de plusieurs haplotypes mitochondriaux 
au sein d'un même isolat de CMA. 
Cependant, tous les isolats séquencés et les analyses de polymorphisme mitochondrial intra-isolat 
(Lee & Young, 2009; Formey et al., 2012), démontraient la grande homogénéité de ce génome.
Cette apparente contradiction, avec les indices démontrant des échanges génétiques et de la 
recombinaison entre différents haplotypes, a amené à l'étude les échanges génétiques 
mitochondriaux, ainsi que la ségrégation des haplotypes parentaux dans les spores filles 
résultantes de croisements. Pour ce faire, à l'aide de marqueurs spécifiques développés dans cette 
thèse, une première étude démontra que les croisements entre des isolats génétiquement distincts 
de G. irregulare engendraient des spores filles pouvant posséder les deux haplotypes parentaux 
(de la Providencia et al., 2013) (voir article #2 Annexe). Cependant, il restait à savoir si cet état 
hétéroplasmique était maintenu lors de la germination et du développement de la colonie. Cet 
aspect fût abordé (Chapitre 4) et démontra que l'état hétéroplasmique était absent et/ou perdu 
dans toutes les cultures initialisées avec des spores filles issues de croisements inter-isolats. Il y 
avait cependant la présence fortement majoritaire d'un haplotype parental donné dans chacun des 
croisements. Cela suggérait la présence de mécanismes moléculaires de ségrégation lors de la 
formation et/ou de la germination des spores. C'est dans cette optique que nous avons démontré 
pour la première fois la présence de tous les gènes orthologues aux champignons filamenteux et 
aux levures codant pour un appareil de ségrégation mitochondrial, ce qui permettrait d'expliquer 
en partie la ségrégation efficace et l'homogénéité intra-isolat des génomes mitochondriaux, même 
suite à des croisements entre isolats génétiquement distincts. 
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Malgré le fait que les mécanismes de ségrégation moléculaire pouvaient fournir une piste 
d'explication concernant l'homogénéité de l'ADN mitochondrial pour les souches in vitro, même 
suite à des croisements entre isolats distincts, une incertitude subsistait pour les souches de CMA 
évoluant en milieu naturel. En effet, la coexistence de nombreux CMA (différents isolats et/ou 
espèces) dans les communautés du sol est la règle plutôt que l'exception, ce qui favorise les 
contacts entre des individus génétiquement distincts. Dans ce contexte, une dynamique 
permanente de fusions hyphales pourrait jouer un rôle crucial dans les échanges génétiques au 
sein d'un même isolat et entre des isolats de CMA évolutivement rapprochés, mais génétiquement 
divergents. Cela donnerait potentiellement lieu à des isolats intrinsèquement hétéroplasmiques. 
En utilisant une souche de CMA de génération I provenant d'un sol pollué, comparé à un isolat 
ayant été cultivé in vitro plus de 40 générations, on a démontré la présence de polymorphisme 
génétique mitochondrial dans les deux isolats investigués. De plus, cette variation était exprimée 
dans l'ARN messager dans un des isolats (Chapitre 5). Ces résultats étaient plus qu'intéressants 
puisqu'ils suggéraient que d'autres études basées sur le séquençage nouvelle génération aurait 
potentiellement sous-estimé cette variation. Ce chapitre amenait plusieurs nouveaux arguments 
afin de considérer les CMA comme des organismes possédant une population de génomes 
mitochondriaux et nucléaires distincts.
6.2 Séquençage des génomes mitochondriaux des CMA: potentiel et limitations
Dans le cadre du projet dans lequel s'intégrait ma thèse de doctorat, 12 souches de CMA 
ont été séquencées jusqu'à maintenant, dont cinq isolats de l'espèce modèle Glomus irregulare
(Tableau 6.1) . Cela nous a permis de faire une analyse comparative exhaustive de la diversité 
intra- et inter-spécifique d'espèces de la famille des Glomeraceae. De plus, une espèce de CMA 
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distante a été complétée, soit Gigaspora rosea de la famille des Gigasporaceae (voir article #1
Annexe). Une tentative avait été effectuée sur trois autres espèces distantes, soit Entrophospora 
colombiana, Diversispora spurca et Ambispora leptoticha. Cependant, en raison de la quantité 
limitée de matériel biologique et de la présence de contaminants externes (bactéries, levures, 
etc.), due à la méthode de maintient des cultures in vivo, très peu de contig mitochondriaux 
appartenant à ces souches ont été récupéré dans les données de séquençage. Pour ces espèces, la 
grande majorité des données de lecture du séquençage 454 obtenues étaient d'origine bactérienne 
(Figure 6.1). Cette problématique récurrente dans le cadre de ma thèse a amené à réfléchir sur 
une méthode plus efficace pour le maintient des cultures de CMA qui permettrait de séquencer 
proprement un plus grand éventail d'espèces. 
Il y a deux types de cultures de CMA, i) la culture in vitro, qui permet de cultiver de façon stérile 
des spores de CMA. La culture se fait dans des pétris avec un milieu de culture en gélose. Des 
plantes modifiées génétiquement pour ne produire que des racines (généralement la carotte), sont 
placées en co-culture avec les CMA sur ce milieu (Bécard & Fortin, 1988). La récolte des spores 
se fait par liquéfaction du milieu de culture et filtration des spores. ii) la culture in vivo, de son 
côté, est généralement réalisée dans des pots conventionnels avec des plants de poireaux inoculés 
avec des spores de CMA. Ces pots sont placés dans des sacs en plastique transparent qui 
permettent de fermer le système et de limiter l'évaporation de l'eau et les contaminations croisées. 
La récolte se fait en prélevant de la terre et des racines de la plante pour ensuite extraire les 
spores par centrifugation dans une  solution à gradient de sucrose. Il y a plusieurs inconvénients
liés à ces méthodes de culture actuellement utilisées.
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Tableau 6. 1. Souches dont les génomes mitochondriaux sont disponibles ou en cours 
d'analyse.
Souches Isolats Culture Statut Nu. Acc. Référence
Glomus fasciculatum DAOM240159 In vitro En cours
Glomus cerebriforme DAOM227022 In vitro Public KC164356 Beaudet et al. 2013b
Glomus aggregatum DAOM240163 In vitro En cours - -
Glomus sp. DAOM229456 In vitro Public JX065416 Beaudet et al. 2013a
Glomus sp. DAOM240422 In vitro Public KC164355 Beaudet et al. 2013b
G. irregulare DAOM197198 In vitro Public HQ189519 Nadimi et al. 2012
G. irregulare DAOM234179 In vitro Public KC164354 Beaudet et al. 2013b
G. irregulare DAOM240415 In vitro Public JX993113 de la Providencia et al. 2013
G. irregulare DAOM213198 In vitro Public KF591215/6 Namidi & Hijri Submitted
G. irregulare DAOM234328 In vitro Public JX993114 de la Providencia et al. 2013
G. irregulare 494 In vitro Public FJ648425 Lee & Young 2009
G. irregulare MULC46239 In vitro Public JQ514224 Formey et al. 2012
G. irregulare MULC46240 In vitro Public JQ514225 Formey et al. 2012
G. irregulare MULC43204 In vitro Public JQ514224 Formey et al. 2012 
Gigaspora rosea DAOM194757 In vivo Public JQ693396 Nadimi et al. 2012
Gigaspora margarita BEG34 In vivo Public JQ041882 Pelin et al. 2012
Ambispora leptoticha GA401A In vitro En cours - -
Ent. colombiana CL148 In vivo En cours - -
Diversispora spurca SC151 In vivo En cours - -
Glomus mosseae FL156 In vivo En cours - -
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Figure 6.1. Histogramme représentant le pourcentage global de séquences obtenues en 
fonction de leur origine évolutive dans les données brutes de pyroséquençage 454.
Parmi les inconvénients liés à la méthode de culture in vitro, on note particulièrement que le 
nombre d'espèces de CMA pouvant être cultivées est très limité, la  récolte des spores est 
laborieuse et demande beaucoup de temps, la période de récolte des spores est limitée (car le 
milieu a une réserve finie en nutriments), on doit constamment faire des sous-cultures pour 
maintenir la collection et il y a seulement quelques possibilités de système racinaire (ceux de la 
chicorée et la carotte sont les plus couramment utilisés).  De plus, les désavantages liés à la 
méthode de culture in vivo sont: problématique de contamination croisée lors de l'arrosage, 
maintient de la culture qui demande beaucoup de temps (arrosage, fertilisation, etc.), difficulté à 
maintenir la culture stérile ce qui amène des problèmes comme le pourrissement des racines, la 
prolifération d'algues ou les maladies causées par des pathogènes, humidité excessive dans le 
système créant beaucoup de condensation, récolte des spores de CMA qui est laborieuses, 
demande beaucoup de temps et est destructive. Toutes ces problématiques ont mené au 
développement d'un nouveau système de maintient des cultures de CMA (voir Annexe 5).
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6.3 Développement et utilisation de marqueurs moléculaires mitochondriaux
L’utilisation du génome mitochondrial comme marqueur dépend de deux aspects, i) le
maintient de l’intégrité du génome à l’intérieur d’une espèce et ii) l’accumulation des mutations 
entre deux espèces. Jusqu'à maintenant les alignements de 16 intergènes mitochondriaux pour 14 
souches de CMA ont permis de constater la variabilité inter-isolat et inter-spécifique en ce qui a 
trait à la présence d'éléments mobiles qui divergent rapidement, créant de nombreuses insertions 
et délétions (indels). Cette divergence offre la possibilité de développer une multitude de 
marqueurs (spécifiques, taille spécifique, ainsi que généraliste à certain genre). Certaines régions 
intergéniques sont même beaucoup trop variables pour les présenter en une figure en raison 
d'insertions d'éléments mobiles dégradés qui encodent une ADN polymérase (dpo) provenant de 
plasmides mitochondriaux. Ce sont ces régions qui offrent la possibilité de développer des 
marqueurs spécifiques entre des isolats de la même espèce (Figure 6.3). Nous en avons développé 
pour la plupart des souches d'intérêt et certains d'entre eux sont présentement utilisés dans des
projets expérimentaux et par une entreprise privée pour l'élaboration d'un processus de validation 
de procédé industriel. Les intergènes démontrent une grande variabilité, mais les régions codantes 
sont très conservées. Il est possible de se servir de ces régions pour développer des marqueurs 
généralistes, mais spécifiques à certains groupes de CMA (Figure 6.4).
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Figure 6.3. Développement et validation d'un marqueur spécifique à un isolat de CMA.
A) Représentation graphique circulaire du génome mitochondrial de Glomus irregulare DAOM-
197198. B) Alignement d'une portion de la région intergénique cox3-rnl où le marqueur 
spécifique a été déterminé. L'alignement a été effectué en utilisant quatre isolats distincts de G. 
irregulare, avec trois espèces génétiquement rapprochées. Les encadrés rouges correspondent à la 
position des amorces et de la sonde TaqMan. C) La spécificité du marqueur a aussi été testée par 
amplifications qPCR sur l'ADN d'autres isolats de G. irregulare: DAOM-234179, DAOM-
240415, DAOM-234328, DAOM-2207225 and DAOM-46328, et sur l'ADN d'autres espèces 
proches: Glomus sp. DAOM-229456, G. fasciculatum DAOM-240159, G. clarum DAOM-
240429 and DAOM-234281, Glomus sp. DAOM-240422, G. aggregatum DAOM-240163.
Seulement G. irregulare DAOM-197198 a été amplifié avec succès avec le marqueur spécifique.
L'utilisation de ces marqueurs moléculaires mitochondriaux est très prometteuse, tout 
particulièrement en raison de leur capacité de faire la distinction entre deux isolats de la même 
espèce, mais plusieurs problématiques possibles doivent être prises en considération. En effet, ma
thèse de doctorat a permis de situer dans un contexte évolutif et biologique l'utilisation de 
marqueurs moléculaires mitochondriaux dans une optique d'identification et de quantification des 
CMA, ce qui soulève plusieurs interrogations en ce qui a trait à l'utilisation judicieuse de tels 
marqueurs. En premier lieu, le premier aspect pouvant poser problème est au niveau de 
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Figure 6.4. Développement et d'un marqueur généralistique, spécifique au genre Glomus.
Alignement d'une portion du gène nad1 où le marqueur a été déterminé. L'alignement a été 
effectué en utilisant six isolats distincts de G. irregulare, avec 10 espèces du genre Glomus, en 
plus d'autres familles de Gloméromycètes, ainsi que de différents phylums du règne des 
Champignons. La spécificité du marqueur a aussi été testée par BLASTn sur la base de données 
GenBank.
l'identification puisque les régions intergéniques où ces marqueurs sont développés contiennent 
plusieurs insertions de dpo. Ces éléments semblent se propager rapidement dans tous le phylum 
des Gloméromycètes, puisque l'on en trouve dans tous les genres de CMA séquencés jusqu'à 
maintenant (Nadimi et al., 2012; Pelin et al., 2012), mais aussi chez d'autres champignons. Non 
seulement leur distribution semble ubiquitaire, mais des copies similaires sont dupliquées dans 
différentes régions mitochondriales intra- et/ou inter-isolats. Cela peut engendrer facilement une 
non-spécificité des marqueurs, soit en raison de la présence d'une copie paralogue, orthologue, ou 
de recombinaison in vitro/séquence chimérique. Pour ces raisons, les marqueurs potentiels 
doivent être testés rigoureusement sur un grand nombre d'espèces génétiquement proches et 
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isolats de la même espèce, avec un nombre de cycles PCR approprié (généralement plus de 35 
cycles) ou par qPCR. Même avec une procédure rigoureuse en laboratoire, il sera difficile 
d'évaluer la spécificité d'un tel marqueur dans l'environnement. 
Une autre problématique potentielle de l'utilisation des marqueurs mitochondriaux est au niveau 
de la quantification par qPCR. Cette méthodologie est basée sur le nombre de copies de génome 
mitochondrial contenu dans une spore d'une souche de CMA donnée. Cette méthode peut 
théoriquement être efficace dans un milieu contrôlé où la souche en question n'est pas soumise à 
des stress extérieurs variables. Cependant, il a été démontré que la simple présence de 
strigolactone, une phytohormone sécrétée par les plantes, a un puissant effet sur l'activité 
mitochondriale des CMA (Besserer et al., 2006). Dans un milieu naturel, on pourrait donc 
s'attendre à ce que le nombre de copies d'ADN mitochondrial par spore soit très variable en 
fonction des conditions environnantes. De plus, on a démontré la présence de plusieurs copies 
d'ADN mitochondrial dans le génome nucléaire (numts) de l'espèce G. irregulare (Chapitre 5).
La présence de ces numts ajoute une incertitude quant à la quantification du nombre de copies 
mitochondriales, puisque le résultat global va être influencé par les duplications présentes du 
marqueur utilisé. Puisque le processus de transfert d'ADN mitochondrial vers le génome 
nucléaire est très dynamique (Hazkani-Covo et al., 2010), il serait possible que les régions/gènes 
transférées varient en fonction de l'espèce, voire même de l'isolat. Cela ferait en sorte qu'un 
marqueur généraliste à un groupe de CMA ne pourrait être utilisé pour leur quantification 
individuelle au niveau de l'espèce, puisque les données auraient la possibilité d'être biaisées par la 
présence de ces copies nucléaires.
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6.4 Les frontières de l'individualité chez les CMA: impact sur l'utilisation de 
marqueurs moléculaires 
L'interprétation des données obtenues dans des études de génétiques de population et/ou 
de diversité des CMA peut être difficile en raison du mode de vie et de l'organisation génétique 
de ces champignons énigmatiques. Même si la controverse demeure concernant la présence d'un 
état homokaryotique ou hétérokaryotique intrinsèque au sein d'un isolat de CMA, il a été 
démontré que des isolats génétiquement distincts peuvent échanger du matériel génétique 
nucléaire et/ou mitochondrial (Croll et al., 2009; de la Providencia et al., 2013). Cela permet 
d'engendrer une progéniture arborant un génotype mosaïque. Il a même été démontré que les 
échanges génétiques entre isolats ainsi que la ségrégation génétique engendraient des 
modifications phénotypiques sur les isolats de CMA résultants, puisqu'ils avaient un effet 
variable sur le fitness de leur plante hôte (Angelard et al., 2010; Angelard & Sanders, 2011). Ces 
données expérimentales, combinés aux connaissances apportées par cette thèse de doctorat en ce 
qui a trait à la dynamique mitochondriale et la connaissance du mode de vie promiscuitaire des 
CMA (formant un réseau de mycélium commun à l'aide d'anastomoses), suggèrent que 
l'hétérokaryotie et l'hétéroplasmie sont des états intrinsèques dans les populations naturelles. 
Cependant, il semble y avoir présence de mécanismes de ségrégation et de dérive génétique 
lorsqu'un isolat est sous-cultivé in vitro de nombreuses générations. Cela a le potentiel 
d'engendrer des situations conflictuelles lors de l'utilisation de marqueurs moléculaires (Figure 
6.5).
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Figure 6.5. Représentation schématique de croisements entre des isolats de CMA 
génétiquement divergents (isolat I, II and III F0). Chaque isolat de départ possède un 
haplotype mitochondrial (symboles noirs) et un génotype (cercles colorés) unique et homogène. 
À titre d'exemple, suite à des fusions hyphales entre des isolats génétiquement distincts, mais 
homogènes au niveau de leur génome mitochondrial et nucléaire (Figure 6.5 i), le réseau de 
mycélium commun engendre des spores filles hetero-karyotiques et -plasmiques (spore I, II and 
III F1) (Figure 6.5 ii). Ces spores sont alors sous-cultivées pour un nombre X de générations et le 
génotype hypothétique résultant d'une dérive et ségrégation génétique est représenté (isolate I, II 
and III FX) (Figure 6.5 iii). Le symbole en forme d'étoile représente un haplotype mitochondrial 
recombinant qui pourrait éventuellement être créé tel que démontré précédemment (Beaudet et 
al., 2013b). Les génotypes obtenus provenant des croisements entre isolats génétiquement 
distincts, suivis par de la dérive et ségrégation génétique, peuvent engendrer des états difficiles à
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Figure 6.6. Exemples de cas où la résolution du concept d'individu est problématique chez 
les CMA, tant pour les marqueurs nucléaires que mitochondriaux.
résoudre avec des marqueurs moléculaires. Deux isolats pourraient avoir le même haplotype 
mitochondrial homogène, avec un génotype nucléaire mosaïque (I F0 and I FX) (Figure 6.6 i). Un 
isolat pourrait partager le même génotype nucléaire avec un autre (I F0 and II FX) (Figure 6.6 ii), 
alors que ce dernier partagerait son haplotype mitochondrial avec un autre isolat (II F0 and II FX) 
(Figure 6.6 iii). Finalement, un isolat pourrait avoir le même génotype nucléaire qu'un autre, mais 
posséder un ADN mitochondrial recombinant unique (Figure 6.6 iv).
Le concept de population est grandement utilisé en écologie, en génétique des populations et en 
biologie évolutive. De nombreuses définitions peuvent être trouvées, mais le thème récurrent est 
qu'une population sert à décrire un ensemble d'individus d'une certaine espèce. On possède très 
peu de connaissances sur ce qui constitue un individu chez les CMA (Rosendahl, 2008). Chez les 
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autres groupes de champignons, il n'existe pas non plus un consensus dans la communauté 
scientifique sur ce qui constitue un individu. Cela est dû en partie au fait qu'un individu peut être 
défini génétiquement ou physiologiquement. Les situations conflictuelles hypothétiques 
présentées plus hautes démontrent la complexité de définir l'individualité génétique de ces 
organismes lorsqu'ils sont dans leur milieu naturel, tant par l'entremise de marqueurs 
mitochondriaux que nucléaires. Cette individualité est dynamique et constamment modifiée par 
les interactions fusionnelles avec des isolats compatibles. Dans ce contexte, l'utilisation de 
marqueurs moléculaires mitochondriaux pourrait être utiles pour distinguer des groupes de CMA 
constituant des entités de compatibilité d'anastomoses distinctes (groupes de compatibilité par 
anastomoses) comme c'est le cas chez Rhizoctonia solani (Bolkan, 1985; Guillemaut et al.,
2003), par exemple au niveau de l'espèce. Pour ce qui est d'identifier un isolat, cela devrait 
demeurer un concept artificiel en laboratoire et se limiter à des fins pratiques et conceptuelles.
Chapitre 7 - Conclusion générale et perspectives
La génomique évolutive mitochondriale des CMA a permis de révéler les vecteurs de 
divergences intra- et inter-spécifiques, en plus de cibler les régions propices au développement de 
marqueurs moléculaires mitochondriaux. L'observation de signatures moléculaires typiques aux 
échanges génétiques inter-espèces et de recombinaison mitochondriale entre haplotypes 
génétiquement distincts, a permis d'ouvrir les perspectives sur la dynamique mitochondriale et 
l'hétéroplasmie dans un même isolat. De plus, cette apparente contradiction avec l'homogénéité 
mitochondriale intra-isolat généralement observée a amené à investiguer les échanges génétiques 
à l'aide de croisements d'isolats génétiquement distincts et de décrire des mécanismes de 
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ségrégation moléculaire orthologues à ceux retrouvés chez les levures et les champignons 
filamenteux. Finalement, l'observation d'hétéroplasmie in situ, ainsi que la co-expression de 
variantes de protéines dans une souche in vitro a amené le questionnement du concept 
d'individualité chez ce groupe particulier de champignons. 
En raison de la disponibilité limitée de matériel biologique et de problème de contamination, il a 
été difficile d'obtenir des génomes provenant d'espèces distantes de CMA. Il serait très informatif 
d'être en mesure de séquencer le génome mitochondrial d'espèces de CMA représentant les 
différentes grandes familles de Gloméromycètes. L'obtention de ces séquences permettrait entre 
autres un positionnement phylogénétique plus précis au sein du grand groupe des champignons. Il
serait aussi intéressant de déterminer la corrélation entre le nombre de copies de génomes 
mitochondriaux, l'expression des gènes mitochondriaux et l'activité fonctionnelle de gènes 
impliqués dans les fonctions symbiotiques, comme le transport du phosphate, puisqu'il s'agit de 
mécanismes de transport actif. De plus, il sera important de déterminer l'étendue de la présence 
de numts dans les génomes nucléaires des CMA, mais surtout de voir si leur présence varie en 
fonction de l'espèce ou de l'isolat étudier. Cette dernière éventualité aurait un impact majeur sur 
l'utilisation de marqueurs mitochondriaux pour l'identification et la quantification d'inoculum 
endomycorhizien. Finalement, cette thèse de doctorat aura permis d'établir les bases, tant 
fondamentales qu'appliquées, pour l'élaboration et l'utilisation d'un kit destiné au suivi 
d'application des CMA en agriculture. D'autres études devront être effectuées afin de déterminer 
les meilleures stratégies possible d'applications, en tenant compte des différents facteurs liés à 
l'environement, la physiologie et la génétique de ces organismes particuliers et fascinants.
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Annexes
1- Supplementary Information (Chapter 2)
Rapid mitochondrial genome evolution through invasion of mobile elements in 
two closely related species of arbuscular mycorrhizal fungi 
Figure S2.1. Multiple DNA sequence alignment of numerous AMF representatives of the 
atp6 native C-terminals along with the Glomus sp. 229456 putative foreign inserted C*-
terminal. 
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Table S2.1. Sequence identity matrix of the atp6 native C-terminals along with the Glomus 






Gi197198 Gi494 Gi234179 Gi240415 Gi234328 Gsp213198 fascicula aggregatum Gsp240422 cerebri G._rosea
Gsp229456
Insert
ID 63.5% 68.1% 68.1% 68.1% 68.1% 68.1% 74.1% 68.1% 68.1% 68.1% 56.1% 50.3%
Gsp229456
Native
63.5% ID 91.2% 91.2% 91.2% 91.2% 91.2% 72.5% 91.2% 91.2% 90.8% 56.6% 49.0%
Gi197198 68.1% 91.2% ID 100.0% 100.0% 100.0% 100.0% 71.7% 100.0% 100.0% 99.6% 56.0% 48.5%
Gi494 68.1% 91.2% 100.0% ID 100.0% 100.0% 100.0% 71.7% 100.0% 100.0% 99.6% 56.0% 48.5%
Gi234179 68.1% 91.2% 100.0% 100.0% ID 100.0% 100.0% 71.7% 100.0% 100.0% 99.6% 56.0% 48.5%
Gi240415 68.1% 91.2% 100.0% 100.0% 100.0% ID 100.0% 71.7% 100.0% 100.0% 99.6% 56.0% 48.5%
Gi234328 68.1% 91.2% 100.0% 100.0% 100.0% 100.0% ID 71.7% 100.0% 100.0% 99.6% 56.0% 48.5%
Gsp213198 74.1% 72.5% 71.7% 71.7% 71.7% 71.7% 71.7% ID 71.7% 71.7% 71.7% 63.9% 59.3%
fascicula 68.1% 91.2% 100.0% 100.0% 100.0% 100.0% 100.0% 71.7% ID 100.0% 99.6% 56.0% 48.5%
aggregatum 68.1% 91.2% 100.0% 100.0% 100.0% 100.0% 100.0% 71.7% 100.0% ID 99.6% 56.0% 48.5%
Gsp240422 68.1% 90.8% 99.6% 99.6% 99.6% 99.6% 99.6% 71.7% 99.6% 99.6% ID 56.0% 48.5%
cerebri 56.1% 56.6% 56.0% 56.0% 56.0% 56.0% 56.0% 63.9% 56.0% 56.0% 56.0% ID 63.7%
G._rosea 50.3% 49.0% 48.5% 48.5% 48.5% 48.5% 48.5% 59.3% 48.5% 48.5% 48.5% 63.7% ID
Figure S2.2. Multiple DNA sequence alignment of numerous AMF representatives of the 
atp9 native C-terminals along with the Glomus sp. 229456 putative foreign inserted C*-
terminal. 
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Table S2.2. Sequence identity matrix of the atp9 native C-terminals along with the Glomus 





Native Gi197198 Gi494 Gi234179 Gi240415 Gi234328 Gi213198 fascicula aggregatum Gsp240422 cerebri G._rosea
Gsp229456
Insert
ID 70.5% 72.5% 72.5% 72.5% 72.5% 72.5% 80.3% 72.5% 72.5% 74.5% 74.5% 70.5%
Gsp229456
Native
70.5% ID 98.0% 98.0% 98.0% 98.0% 98.0% 84.3% 98.0% 98.0% 96.0% 74.5% 72.5%
Gi197198 72.5% 98.0% ID 100.0% 100.0% 100.0% 100.0% 86.2% 100.0% 100.0% 98.0% 76.4% 70.5%
Gi494 72.5% 98.0% 100.0% ID 100.0% 100.0% 100.0% 86.2% 100.0% 100.0% 98.0% 76.4% 70.5%
Gi234179 72.5% 98.0% 100.0% 100.0% ID 100.0% 100.0% 86.2% 100.0% 100.0% 98.0% 76.4% 70.5%
Gi240415 72.5% 98.0% 100.0% 100.0% 100.0% ID 100.0% 86.2% 100.0% 100.0% 98.0% 76.4% 70.5%
Gi234328 72.5% 98.0% 100.0% 100.0% 100.0% 100.0% ID 86.2% 100.0% 100.0% 98.0% 76.4% 70.5%
Gsp213198 80.3% 84.3% 86.2% 86.2% 86.2% 86.2% 86.2% ID 86.2% 86.2% 84.3% 78.4% 80.3%
fascicula 72.5% 98.0% 100.0% 100.0% 100.0% 100.0% 100.0% 86.2% ID 100.0% 98.0% 76.4% 70.5%
aggregatum 72.5% 98.0% 100.0% 100.0% 100.0% 100.0% 100.0% 86.2% 100.0% ID 98.0% 76.4% 70.5%
Gsp240422 74.5% 96.0% 98.0% 98.0% 98.0% 98.0% 98.0% 84.3% 98.0% 98.0% ID 78.4% 72.5%
cerebri 74.5% 74.5% 76.4% 76.4% 76.4% 76.4% 76.4% 78.4% 76.4% 76.4% 78.4% ID 68.6%
G._rosea 70.5% 72.5% 70.5% 70.5% 70.5% 70.5% 70.5% 80.3% 70.5% 70.5% 72.5% 68.6% ID
Figure S2.3. Multiple DNA sequence alignment of numerous AMF representatives of the 
cox2 native C-terminals along with the Glomus sp. 229456 putative foreign inserted C*-
terminal. 
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Table S2.3. Sequence identity matrix of the cox2 native C-terminals along with the Glomus 





Native Gi197198 Gi494 Gi234179 Gi240415 Gi234328 Gsp213198 fascicula aggregatum Gsp240422 cerebri G._rosea
Gsp229456
Insert
ID 81.2% 87.5% 88.5% 88.5% 86.4% 87.5% 79.1% 87.5% 86.4% 83.3% 79.1% 63.5%
Gsp229456
Native
81.2% ID 90.6% 92.7% 92.7% 94.6% 93.6% 85.2% 93.6% 94.6% 81.2% 78.1% 66.6%
Gi197198 87.5% 90.6% ID 97.9% 97.9% 95.8% 96.8% 83.3% 96.8% 95.8% 84.3% 82.2% 65.6%
Gi494 88.5% 92.7% 97.9% ID 100.0% 97.9% 98.9% 85.4% 98.9% 97.9% 85.4% 82.2% 66.6%
Gi234179 88.5% 92.7% 97.9% 100.0% ID 97.9% 98.9% 85.4% 98.9% 97.9% 85.4% 82.2% 66.6%
Gi240415 86.4% 94.6% 95.8% 97.9% 97.9% ID 98.9% 85.2% 98.9% 100.0% 83.3% 80.2% 64.5%
Gi234328 87.5% 93.6% 96.8% 98.9% 98.9% 98.9% ID 86.3% 100.0% 98.9% 84.3% 81.2% 65.6%
Gsp213198 79.1% 85.2% 83.3% 85.4% 85.4% 85.2% 86.3% ID 86.3% 85.2% 92.7% 73.9% 62.5%
fascicula 87.5% 93.6% 96.8% 98.9% 98.9% 98.9% 100.0% 86.3% ID 98.9% 84.3% 81.2% 65.6%
aggregatum 86.4% 94.6% 95.8% 97.9% 97.9% 100.0% 98.9% 85.2% 98.9% ID 83.3% 80.2% 64.5%
Gsp240422 83.3% 81.2% 84.3% 85.4% 85.4% 83.3% 84.3% 92.7% 84.3% 83.3% ID 77.0% 61.4%
cerebri 79.1% 78.1% 82.2% 82.2% 82.2% 80.2% 81.2% 73.9% 81.2% 80.2% 77.0% ID 59.3%
G._rosea 63.5% 66.6% 65.6% 66.6% 66.6% 64.5% 65.6% 62.5% 65.6% 64.5% 61.4% 59.3% ID
Figure S2.4. Multiple DNA sequence alignment of numerous AMF representatives of the 
nad3 native C-terminals along with the Glomus sp. 229456 putative foreign inserted C*-
terminal
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Table S2.4. Sequence identity matrix of the nad3 native C-terminals along with the Glomus 






Gi197198 Gi494 Gi234179 Gi240415 Gi234328 Gsp213198 fascicula aggregatum Gsp240422 cerebri G_rosea
Gsp229456
Insert
ID 73% 74% 74% 74% 74% 74% 88% 74% 74% 74% 85% 61%
Gsp229456
Native
73% ID 98% 98% 98% 98% 98% 73% 98% 98% 97% 75% 63%
Gi197198 74% 98% ID 100% 100% 100% 100% 73% 100% 100% 99% 76% 63%
Gi494 74% 98% 100% ID 100% 100% 100% 73% 100% 100% 99% 76% 63%
Gi234179 74% 98% 100% 100% ID 100% 100% 73% 100% 100% 99% 76% 63%
Gi240415 74% 98% 100% 100% 100% ID 100% 73% 100% 100% 99% 76% 63%
Gi234328 74% 98% 100% 100% 100% 100% ID 73% 100% 100% 99% 76% 63%
Gi213198 88% 73% 73% 73% 73% 73% 73% ID 73% 73% 73% 83% 61%
Fascicula 74% 98% 100% 100% 100% 100% 100% 73% ID 100% 99% 76% 63%
aggregatum 74% 98% 100% 100% 100% 100% 100% 73% 100% ID 99% 76% 63%
Gsp240422 74% 97% 99% 99% 99% 99% 99% 73% 99% 99% ID 77% 64%
Cerebri 85% 75% 76% 76% 76% 76% 76% 83% 76% 76% 77% ID 68%
G_rosea 61% 63% 63% 63% 63% 63% 63% 61% 63% 63% 64% 68% ID
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2 - Supplementary Information (Chapter 3)
Mitochondrial genome rearrangements in Glomus species triggered by 
homologous recombination between distinct mtDNA haplotypes
Figure S3.1. Unrooted maximum likelihood tree using concatenated mitochondrial coding 
gene sequences of all published mt genomes and the ones from our collection. The analysis 
was performed using the general time reversible (GTR) model with five distinct gamma 
categories with invariable sites. The first number at branches indicates ML bootstrap values (< 
60% cut-off) with 1000 bootstrap replicates and the second number indicates posterior 
probability values of a MrBayes analysis with four independant chains. Bayesian inference 
predict similar trees (not shown). The phylogeny was conducted on the concatenated nucleotide 
sequences of seven conserved mitochondrial protein coding genes (atp6, atp9, cox2, nad1, nad2, 
nad4 and nad6, for a total of 6632 alignment positions). The strains we compared in this study 
are in red. We used Blastocladiomycota species as an outgroup.
xxiii
Figure S3.2. Agarose gel electrophoresis figure showing the long PCR amplifications on 
Glomus sp. 240422 reshuffled intergenic regions. Each newly formed intergenic region: atp9-
cox1 (1), nad4L-rnl (2), cox3-rns (3) and the cox1 gene as a positive control (4), have been 
amplified by long PCR with primers spanning the entire mitochondrial region of interest. The 
expected size of the amplicons was 5029, 13094, 13610 and 8785 bp, respectively.
xxiv
Table S3.1. Distribution of small inverted repeats (SIRs) found in G. irregulare 234179
depending on their subtypes and genome localization.
Coordinates SIR subtypes Genome localization

























45911-45946 cox1 intron 9
48788-48749 intergenic
21246-21279 T9 GIYYIG endonuclease30632-30665 cob intron 4
21621-21668 T10 intergenic40281-40328 intergenic
21539-21577 T11 intergenic27613-27651 intergenic
17439-17471 T12 intergenic44203-44235 cox1 intron 7
23188-23221 T13 nad5 intron 240530-40563 cox1 intron 1
xxv
Figure S3.3. Minimum free energy structure (MFE) drawing encoding base-pair
probabilities of the 13 small inverted repeats (SIRs) subtypes found in G. irregulare 234179.
The structures above is colored by base-pairing probabilities. For unpaired regions the color 
denotes the probability of being unpaired.
xxvi
Table S3.2. Distribution of small inverted repeats (SIRs) found in Glomus sp. 240422
depending on their subtypes and genome localization.
Coordinates SIR subtypes Genome localization

















19403-19436 T5 LAGLIDADG endonuclease59985-60018 nad5 intron 2



















40229-40298 T11 cox3 intron 1
xxvii
Figure S3.4. Minimum free energy structure (MFE) drawing encoding base-pair 
probabilities of the 11 small inverted repeats (SIRs) subtypes found in Glomus sp. 240422. 
The structures above is colored by base-pairing probabilities. For unpaired regions the color 
denotes the probability of being unpaired.
xxviii
Table S3.3. Distribution of small inverted repeats (SIRs) found in G. cerebriforme 
depending on their subtypes and genome localization.















15627-15661 cox1 intron 2
17966-18000 cox1 intron 4
55119-55151 intergenic









19233-19266 cox1 intron 5
21247-21280 intergenic
28073-28108 nad5 intron 1
31801-31768 intergenic
56115-56072 intergenic




3361-3318 rnl intron 3













54164-54121 cob intron 2
xxix
Figure S3.5. Minimum free energy structure (MFE) drawing encoding base-pair 
probabilities of the five small inverted repeats (SIRs) subtypes found in G. cerebriforme.
The structures above is colored by base-pairing probabilities. For unpaired regions the color 




Figure S3.6. Glomeromycota dpo maximum likelihood phylogenetic tree based on a 75 
amino acids conserved domain. The conserved proteic domain found in 60 out of 91 AMF dpo
sequences where the consensus sequence is shown (A) was used to conduct a phylogenetic 
analysis where the number on branches correspond to ML bootstrap values (< 60% cut-off) based 
on a thousand bootstrap replicates and bayesian inference values, respectively (B). The different 
groups referred to the ones identified in the Glomeromycota dpo nucleotide identity network 
(Figure 3A) and their box color correspond to the ones in Figure 3B based on their mtDNA 
localization. Three plants dpo sequences were used as an outgroup. The Gigaspora rosea putative 
mitochondrial plasmid is colored in red. The group 8 marked with an asterisk correspond to one 
of the recombination event identified (Figure S7A).
xxxiii
xxxiv
Figure S3.7. Graphical representation of a distance-based and a hidden markov model 
(HMM) phylogenetic recombination analysis. Each of the three dpo sequences present in the
Glomus sp. 240422 reshuffled intergenic region that clustered in the network in group 1, 2 and 8, 
respectively (see Figure 3): Glomus sp. 240422 atp9-cox1 dpo (A), the cox3-rns (B) and the 
nad4L-rnl_1 (C), were aligned with their three closest relatives. The black arrows indicate 
putative homologous recombination breakpoints based on a HMM 0.95 bayesian inference value. 
Numbers in parentheses for each dpo sequences in the distance-based method refer to the ones 
tested for each topology in the phylogenetic HMM method. 
xxxv
3 - Supplementary Information (Chapter 4)
Homoplasmy in monosporal cultures arising from crossed-isolates supports 





Figure S4.1. Maximum likelihood phylogenetic trees based on seven proteins implicated in 
the mitochondrial segregation process and nucleoid formation in Saccharomyces cerevisiae, 
along with their closest orthologs found in fungi and other organisms. Each phylogeny was 
performed accordingly to its predicted model: the MMM1 protein phylogeny was done using the 
JTT+I+G model (A), MMM2 with JTT+I+G (B), MDM12 with JTT+G (C), MDM10 with 
WAG+I+G (D), ACO1 with WAG+I+G (E), ABF2 with WAG+I+G (F), and finally the ILV5 
phylogeny was performed using the WAG+G model (G). Numbers on branches correspond to 
bootstrap support values (< 60% cut-off) on 1000 replicates. The Saccharomyces cerevisiae





































































































































































































































































































































































i4 - Supplementary Information (Chapter 5)
Evidences for a population of different mitochondrial genomes and their co-
expression in an ancient root-inhabiting fungus
Figure S5.1. Morphological description of Rhizophaghus irregularis spores DAOM 242422 
under in vitro conditions. A) Spores are hyaline to to pale yellow, mostly ovoid (black arrow) 
65-70 µm to oblong (arrowhead) to irregular 65-77X96-240 µm  (double arrowhead), scale 
bars=30 µm. B) The outermost layer (L1) is mucilaginous and hyaline ~ 1.5 µm thick, the second 
layer (L2) is rigid, smooth and hyaline ~ 1.5 and L3 is smooth and pale yellow ~ 1.5-3.2 µm. L1 
and L2 were closely attached to each other forming a unique shell, easily detachable for the third 
layer (L3) scale bar=20 µm. C) The subtending hyphae (6.5-8 µm) was hyaline and straight, the 
pore was wide open at the spore-base but sometimes occluded by a funnel-shaped like to curved
septum (P), scale bar=15 µm D) Spores in Melzer’s reagent stained from red-violet in L1-L2 to 
brown in L3,  scale bar=20 µm.
ii
Figure S5.2. Confirmation of the occurrence of length heteroplasmy in the model R. 
irregularis isolate DAOM-197197 originating from three different locations. (A) The seven 
structural variants found in the nad4-nad1 intergenic region are shown in an alignment with the 
primers designed to confirmed heteroplasmy in the different samples (green arrows). (B-E)
Electrophoresis gel of the PCR reactions performed on R. irregularis DAOM-197198 originating 
from our laboratory located in Montreal-QC-Canada, PremierTech biotechnology located in 
Rivière-du-loup-QC-Canada and Agrifood Canada located in Ottawa-ON-Canada, respectively, 
along with the negative PCR control. All DAOM-197198 isolates showed the presence of double 
bands at the investigated locus, thus confirming the occurrence of heteroplasmy in all strains.
iii
Figure S5.3. Electrophoresis gel of RT-PCR reactions performed on R. irregularis DAOM-
197198 cDNA showing the expression of the four nad4 allelic variants. (L) 1 kb ladder, (A-D) 
mRNA expression of all four nad4 variants, (E-F) reverse transcription negative control in a 
mitochondrial intergenic region on cDNA and DNA templates, respectively, (G-H) reverse 
transcription positive control in the nad1 gene performed on RNA and cDNA templates, 
respectively.
iv
5 - Bioréacteur in vivo stérile pour le maintient des collections de CMA
Figure 1. Schématisation du bioréacteur in vivo stérile pour cultiver les CMA.
Trois compartiments principaux du système: I) Chambre de croissance des plantes et de 
production de biomasse racinaire. II) Chambre de croissance des CMA pour la production de 
spores. III) Chambre d'alimentation en eau et/ou nutriments. Composantes individuelles du 
système: 1) membrane permettant les échanges gazeux avec le milieu extérieur, 2) couvercle 
autoclavable en polypropylène, 3) plante au choix de l'utilisateur, 4) contenant autoclavable en 
polycarbonate ou polypropylène,  5) substrat pour les plantes au choix (terre, sable, tourbe, 
vermiculite, perlite, etc.), 6) racine de plante, 7) paroi de support physique au système qui est 
fixée au coupleur de compartiments (13), 8) système de vis/écrou faisant le lien entre le tuyau (9) 
et l'intérieur du compartiment I, 9) tuyau autoclavable de polypropylène/silicone avec écrou, 10)
membrane de cellophane ou de nylon permettant passage des hyphes de champignons et non des 
racines de plantes, 11) système de fixation par glissement ou loquet du compartiment III et du 
coupleur de compartiments, 12) excroissance à l'intérieur du coupleur de compartiments (13) 
permettant d'y déposer la membrane de cellophane/nylon (10), 13) coupleur de compartiments 
qui maintient ensemble le compartiment I et II, 14) eau et/ou solution de nutriments à la 
vdiscrétion de l'utilisateur, 15) spore et hyphes du CMA, 16) tige en coton, nylon ou polyester 
traversant le tuyau et pénètre dans le compartiment I permettant l'humidification du système par 
capillarité, 17) substrat pour les CMA au choix (terre, sable, tourbe, vermiculite, perlite, apatite,
etc.), 18) becs permettant l'alimentation du compartiment III en liquide et de brancher en série 
plusieurs réacteurs par l'entremise de tuyaux séparés par des filtres ou le mouvement serait généré 
par une pompe.
Ce nouveau système de maintient des collections réponds à plusieurs besoins: i) empêche la 
contamination croisée entre différentes cultures de CMA, puisque l'on ouvre jamais le système, ii) 
simplifie le maintient d'une collection de CMA par la facilité d'apporter des intrants au système par le bec 
d'alimentation (18) du compartiment III, iii) possibilité de brancher plusieurs réacteurs en série (18) où 
l'alimentation serait gérée par un système de pompe, iv) constitue la première possibilité de cultiver les 
CMA in vivo de façon stérile, v) maintient  un taux d'humidité constant par apport graduel de l'eau grâce 
au système de distribution par capillarité (16), vi) offre une solution simple pour la récolte des spores 
produites par le système symbiotique (par séparation du compartiment II), qui sont exempt de 
contamination (racines, autres champignons, etc.), vii) permet de cultiver de nombreuses espèces de CMA 
puisque les conditions du système sont flexibles (plantes utilisées, substrats utilisés, conditions abiotiques, 
etc.), ce qui n'est pas le cas pour le système de culture in vitro, viii) permet une production de spores 
continue par le système puisque le compartiment II est rechargeable de substrat et que l'apport en 
nutriment se fait continuellement. De plus, il offre plusieurs avantages: peu de maintient, peu couteux,  
productivité de spores théoriquement accrues, production en continu, récolte des spores très facile et non 
destructive, réutilisable, permet de cultiver de nombreuses espèces de CMA, alimentation en intrants peut 
se faire à la chaîne à l'aide d'un tuyau commun, permet le maintient des cultures stériles. Un brevet 
provisoire a été déposé pour ce système et un prototype construit. Il est présentement en phase de tests 
préliminaires, afin de démontrer son efficacité pour remplacer les systèmes actuels de maintient de 
cultures de CMA.
vi
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Abstract
Gigaspora rosea is a member of the arbuscular mycorrhizal fungi (AMF; Glomeromycota) and a distant relative of Glomus
species that are beneﬁcial to plant growth. To allow for a better understanding of Glomeromycota, we have sequenced the
mitochondrial DNA of G. rosea. A comparison with Glomus mitochondrial genomes reveals that Glomeromycota undergo
insertion and loss of mitochondrial plasmid-related sequences and exhibit considerable variation in introns. The gene order
between the two species is almost completely reshufﬂed. Furthermore, Gigaspora has fragmented cox1 and rns genes, and
an unorthodox initiator tRNA that is tailored to decoding frequent UUG initiation codons. For the fragmented cox1 gene,
we provide evidence that its RNA is joined via group I–mediated trans-splicing, whereas rns RNA remains in pieces.
According to our model, the two cox1 precursor RNA pieces are brought together by ﬂanking cox1 exon sequences that
form a group I intron structure, potentially in conjunction with the nad5 intron 3 sequence. Finally, we present analyses
that address the controversial phylogenetic association of Glomeromycota within fungi. According to our results,
Glomeromycota are not a separate group of paraphyletic zygomycetes but branch together with Mortierellales, potentially
also Harpellales.
Key words: arbuscular mycorrhizal fungi (AMF), mitochondrial genome, intron evolution, phylogeny, tRNA structure,
genetic code.
Introduction
Arbuscular mycorrhizal fungi (AMF) is a group of ubiqui-
tous soil-borne fungi that form symbiotic associations with
the majority of vascular plants (Parniske 2008). AMF are
obligate biotrophs, that is, they are unable to grow without
a host plant that provides them with carbohydrates; in
turn, AMF transfer nutrients such as phosphate to the
plant (reviewed in Strack et al. 2003). At the cellular level,
AMF are characterized by the formation of large, multinu-
cleate hyphae, and asexual spores (e.g., Marleau et al. 2011).
Apparently, the genetic segregation of the hundreds of dis-
tinct nuclei that are present in these species does not fol-
low canonical but rather population rules, and recent
analyses demonstrate substantial sequence variation in
certain nuclear genes (Hijri and Sanders 2005; Croll and
Sanders 2009; Croll et al. 2009; Boon et al. 2010). It is there-
fore no surprise that the Glomus irregulare nuclear genome
project has turned into a sequence assembly nightmare
(Martin et al. 2008). Yet in stark contrast, the ﬁrst complete
Glomus mitochondrial DNAs (mtDNAs) that have been
deciphered recently by 454 sequencing are homogeneous
in sequence (Lee and Young 2009 and GenBank #FJ648425;
Bullerwell CE, Forget L, Lang BF, unpublished data), that is,
genetic segregation of mtDNA is as effective in Glomus as in
other fungi. In these two cases, long homopolymer
stretches that introduce systematic pyrosequencing error
are surprisingly absent. In other, more AþT-rich mtDNAs,
however, we have observed intolerable levels of 454 se-
quence error (close to one per 1 kbp sequence on average
in a heterolobosean amoeba; Bullerwell CE, Forget L, Lang
BF, unpublished data) causing frameshifts in several protein-
coding genes. It therefore remains advisable to carefully ex-
amine homopolymer-rich sequences for potential error, for
instance by resequencing with Sanger technology.
The taxonomic and phylogenetic identity of AMF have
been, and continues to be, controversial. Initially assigned
to zygomycetes, a fungal taxon that is strongly suspected
to be paraphyletic (e.g., Schwarzott et al. 2001; Seif et al.
2006; Hibbett et al. 2007; Liu, Leigh, et al. 2009), AMF have
been recently moved into a separate fungal phylum, Glom-
eromycota (Hibbett et al. 2007). Yet the underlying published
phylogenies are controversial and often lack signiﬁcant sta-
tistical support, either due to a limited amount of sequence
data (based on one or only few gene sequences), poor taxon
sampling, or a combination of both. In many instances, anal-
yses further suffer from potential phylogenetic artifacts such
as long-branch attraction (e.g., Felsenstein 1978).
A phylogenetic data set of complete mtDNA sequences
is currently restricted to two G. irregulare isolates (Lee and

















Young 2009 and GenBank #FJ648425) having identical cod-
ing sequences. Likewise, a previous phylogenomic analysis
with a large number of nuclear genes (Liu, Leigh, et al.
2009) had only limited taxon sampling. Accordingly, phylo-
genetic analyses with both mitochondrial and nuclear ge-
nome data have provided only a tentative answer to the
question of where AMF belong within Fungi. In some cases,
they both show a weak afﬁnity of Mortierellales with Glom-
eromycota (Lee and Young 2009; Liu, Leigh, et al. 2009), un-
supported however by strict statistical analysis (such as the
AU test, Shimodaira 2002). An updated, comprehensive fun-
gal phylogenomic analysis with nuclear sequence data pub-
lished in 2011 (Ebersberger et al. 2012) nicely summarizes the
confusing state of the art, commenting that ‘‘at themoment,
available data do not allow to conﬁdently attach glomero-
mycetes to the phylogenetic backbone of the fungi.’’ In the
latter phylogenomic analysis, Mortierellales are shown sep-
arate from Mucorales, that is, excluding Mortierellales from
a monophyletic taxon Mucoromycotina favored by others
and in contradiction to conclusions reached in a previous
phylogenomic analysis (Liu, Leigh, et al. 2009). Evidently, bet-
ter taxon sampling of genomic data sets is required to resolve
these questions, in particular by adding to both mitochon-
drial and nuclear gene data sets members of Mortierellales,
and AMF lineages that are distant from Glomeraceae.
Our rationale for sequencing the Gigaspora rosea
mtDNA is that Gigasporaceae are at a large evolutionary
distance to Glomus species, with clearly distinct morpho-
logical characteristics. Gigasporaceae form auxiliary cells in
the extraradical mycelium, and giant spores that are usually
larger than 200 lm and visible to the naked eye. These
atypical spores are formed individually from hyphae and
contain funnel-shaped hyphal attachments that extend
from a specialized bulbous sporogenous cell. Another mo-
tive for sequencing mtDNAs from additional Glomeromy-
cota relates to the origin and distribution of introns, other
endonuclease-based mobile elements, and mitochondrial
plasmid-like inserts in mtDNAs that are frequent in Glomus
species (Lee and Young 2009; Lang BF, unpublished data).
In fact, one of the group I introns of a glomeromycotan
cox1 gene might have been transmitted to plant mitochon-
dria (Vaughn et al. 1995; Adams et al. 1998; Seif et al. 2005;
Lang and Hijri 2009), potentially as part of symbiotic plant–
AMF interactions. Group I introns are mobile genetic ele-
ments that may insert into intron-less gene copies (i.e., with
respect to a given intron insertion point) by a process called
intron homing (Colleaux et al. 1986; Lambowitz and Zimm-
erly 2004). They are further characterized by an RNA that
folds into a distinct secondary structure, consisting of up
to nine base-paired helical regions (P1–P9) that are involved
in bringing respective exons into close proximity and in the
splicing reaction itself (Anziano et al. 1982; Michel et al. 1982;
Waring et al. 1982). In many but not all cases (Lang et al.
2007), group I introns are self-splicing in vitro, that is, the
RNA is a ribozyme capable of catalyzing its own excision
from precursor RNA (Cech et al. 1983; Jacquier and Rosbash
1986; Schmelzer and Schweyen 1986; Van der Veen et al.
1986).
Intron splicing usually occurs in cis, but a few cases of
trans-splicing are known, and we provide evidence in this
paper that this also applies to a G. rosea mitochondrial
gene. For organelle genes, trans-splicing is usually mediated
by group II introns (for a review, see Bonen 2008) but in
a few recently discovered instances also by group I introns
(Burger et al. 2009; Grewe et al. 2009; Pombert and Keeling
2010; Hecht et al. 2011). Curiously, all known trans-splicing
group I introns are located in cox1, with identical insertion
points in the quilwort Isoetes and the spikemoss Selaginella
but also in the evolutionarily distant Gigaspora and the
metazoan Trichoplax (supplementary ﬁg. S1, Supplemen-
tary Material online). Trans-splicing entails the joining
and ligation of discontinuous coding regions that are tran-
scribed separately, that is, located on distinct RNA mole-
cules. For group I and II introns, these separate transcripts
may be brought together by interaction of partial (i.e., frag-
mented) intron RNA sequences that fold into the typical
RNA structure that allows splicing to take place. In more
complicated, rare instances, the ﬂanking sequences of pre-
cursor transcripts alone do not code for the full intron
structure, but additional helper RNAs are involved. In
the two known instances, three distinct RNA molecules
in trans are required to form a complete intron RNA struc-
ture (Goldschmidt-Clermont et al. 1991; Knoop et al. 1997).
In any case, claims for intron-mediated trans-splicing
should be based on evidence for 1) the presence of amature
RNA that is ligated exactly at predicted exon–intron junc-
tions (e.g., based on multiple sequence alignments) and 2)
an inferred intron RNA structure that is complete, matching
previously established conservation rules perfectly. Note
that not all discontinuous genes require trans-splicing. For
instance, known fragmented rRNAs remain in separate tran-
scripts, folding into a functional ribosomal structure, but
without the requirement for trans-splicing (e.g., Boer and
Gray 1988; Schnare and Gray 1990).
In this article, we report the complete mtDNA sequence
of G. rosea, which encodes two fragmented genes, tran-
scripts of one of which undergo group I intron–mediated
trans-splicing. We further report the results of a phyloge-
netic analysis of mitochondrial proteins that allows more
conﬁdent positioning of Glomeromycota within Fungi.
Materials and Methods
Fungal Material
Spores of G. rosea (DAOM194757) were extracted from soil
of in vivo pot cultures with leek as a host plant, using a wet-
sieve cascade (400, 250, and 60 lM). Spores were further
puriﬁed by centrifugation through a water/50% sucrose
step gradient (50-ml tube; 5 min at 5,000 rpm in an Eppen-
dorf 5804 centrifuge; Esch et al. 1994). The resulting spore-
containing layer from the upper interface of the 50% sucrose
solution was collected, and clean spores were sorted
manually under a binocular.
DNA Puriﬁcation
Spores were suspended in 400 ll of the DNeasy Plant Mini
Kit AP1 buffer (Qiagen) and crushed with a pestle in 1.5-ml












microtubes. DNA was puriﬁed with the same kit according
to the manufacturer’s recommendations, with a ﬁnal elu-
tion volume of 40 ll. Puriﬁed DNA was stored at 20 C
until use.
RNA Puriﬁcation
Freshly harvested G. rosea spores from in vivo pot cultures
were vortexed with 1 ml TRIzol reagent (Invitrogen) and
glass beads for 10 min. Other RNA extraction steps fol-
lowed the manufacturer’s protocol. Total RNA was then
puriﬁed with the RNeasy mini kit (Qiagen), treated with
DNase using the Turbo DNA free kit (Applied Biosystem),
and stored at 20 C. RNA quality was checked by elec-
trophoresis on a 1.5% agarose gel, stained with ethidium
bromide, and visualized under UV light.
Reverse Transcriptase–Polymerase Chain Reaction
We have used reverse transcriptase–polymerase chain re-
action (RT-PCR) to test for intron excision, trans-splicing,
and the presence of (apparently nonintron) sequence in-
serts in rRNAs. In all experiments, PCR ampliﬁcations were
performed either with or without prior conversion of RNA
into cDNA (i.e., addition of RT). As an additional control,
genomic DNA was PCR ampliﬁed.
To test for potential trans-splicing of cox1 and rns, pri-
mers were designed within the coding regions that ﬂank
predicted break points. In case of cox1, primers were lo-
cated in cox1 exon 4 (5#-CTGTATTGGTCACTGCCGT-
3#) and exon 5 (5#-AAAGGCTGAAATAACATGGCT-3#).
For rns, the two respective primers were 5#-ACCTTGATC-
CAGCCAACTAGA-3# and 5#-CACACTATCGTATCTCAG-
CGTC-3#. To test for functionality of the RT-PCR assay
(positive control), an internal region of cox1 exon 4 was
ampliﬁed (primers 5#-CTCTAGCAGGGACCCAGTC-3#
and 5#-CCGGATCATAGAAGCAGGT-3#).
To verify whether several inserts in rnl and rns remain at
the RNA level (suspected because of an apparent lack of
conserved intron RNA secondary structure), primers were
designed within the ﬂanking regions of these inserts.
For rns, the primers were 5#-GTGCATTGTCATCA-
CAGGTG-3#, 5#-CGAGTTACAGAGCACAGTTCG-3#, and
5#-GTCTCGTAACAAGCCTCCTTAAC-3# (the latter is lo-
cated inside the predicted insert). In the case of rnl, ﬁve




AGTGCCGC-3#). We further veriﬁed that the two pre-
dicted rnl introns are indeed excised at the RNA level,
using primer (5#-GGGCGCGTCTGTTTACTTA-3#) up-
stream of the ﬁrst intron (group II), in conjunction with
a primer downstream of the second group IB intron (5#-
CGAGTACCGGTACCAGAGTAGGT-3#).
For samples undergoing cDNA synthesis, relevant pri-
mers (0.1 ll of 5 lM stock solutions), 2 ll RNA solution
(;1 to 10 ng), and 8 ll of RNase-free water were mixed,
denatured at 75 C for 2 min, and immediately placed on
ice for 2 min. Then, 4 ll RT buffer, 2 ll of each dNTP (10 mM
stocks), 4 ll water, and 0.1 ll (1.5 U) AMV RT enzyme
(Roche Applied Science) were added. After incubation at
45 C for 45min in the reactionmix, the RNAwas denatured
again at 75 C for 2min, placed on ice, fresh AMVRT enzyme
was added, and the samples incubated for another 45 min at
45 C. Reaction products were stored at 20 C until use.
Subsequent PCR ampliﬁcations were carried out with
the Expand High Fidelity PCR system (Roche Applied Sci-
ence) in a total volume of 40 ll, containing either cDNAs
(4 ll) or positive and negative controls (0.4 ll RNA or 0.2
ll genomic DNA), primers (4 ll each from 5 lM stocks),
4 ll PCR buffer (10, without MgCl2), 3.2 ll MgCl2 (25
mM), 0.4 ll (1.5 U) DNA polymerase, 4 ll dNTPs (2 mM),
and 1 ll RNase (5 lg/ml). Cycling parameters were 4 min
at 95 C, followed by 33 cycles of 15 s at 95 C, 20 s at a 53
to 57 C temperature gradient, 20 s at 72 C, and a ﬁnal
elongation step of 4 min at 72 C. PCR products were
separated by electrophoresis in a 1.5% (w/v) agarose
gel and visualized with ethidium bromide under UV
light.
Sequencing, Assembly, and Gene Annotation
Gigaspora rosea total DNA was sequenced by 454 shot-
gun technology, and the resulting 587,881 reads were as-
sembled with Newbler (Genome Quebec Innovation
Center, McGill University, Montreal; Titanium Flex, ½
plate). The resulting 26 mitochondrial contigs were com-
bined into a single circular-mapping DNA by PCR ampli-
ﬁcation of total DNA and Sanger sequencing of the PCR
fragments. Regions with potential 454 sequence error
(due to homopolymer motifs) were resequenced in
the same way. Gene annotation was performed with
MFannot (http://megasun.bch.umontreal.ca/cgi-bin/
mfannot/mfannotInterface.pl), followed by manual in-
spection and addition of missing gene features. Mfannot
predicts group I and II introns, tRNAs, RNase P RNA, and
5S rRNA with Erpin (Gautheret and Lambert 2001) as
a search engine, based on RNA structural proﬁles devel-
oped in house. Exons of protein-coding genes are in-
ferred in a ﬁrst round with Exonerate (Slater and
Birney 2005) and then for less well-conserved genes with
HMM proﬁle searches (Eddy 2008; based on models for
all known mtDNA-encoded proteins). Miniexons that
are not recognized by Exonerate and that may be as
short as 3 nucleotides are inferred by the presence of
missing conserved protein regions (with reference to
multiple protein alignments including other species)
and orphan introns. The precise placement of small
exons is based on the best ﬁt of HMM protein proﬁles
and on the ﬁt with conserved nucleotide sequence pro-
ﬁles of respective (group I or II) exon–intron boundaries.
Genes encoding the small and large rRNA subunits are
predicted with HMM proﬁles that cover the most highly
conserved domains, allowing precise predictions of the
small subunit rRNA termini but only approximate posi-
tioning of large subunit rRNA ends. The latter termini, as
well as the precise exon–intron structure of rRNA genes,












are predicted manually (using comparative structure
modeling principles). Furthermore, RT-PCR experiments
are evaluated to distinguish between true introns and
sequence insertions that are not removed by splicing.
In any case, automated annotations are curated manu-
ally to account for MFannot warnings (e.g., potential
trans-spliced genes, gene fusions, frameshifts, alternative
translation initiation sites, failure to identify miniintrons,
etc.), to correct potential errors, and to ﬁnd features that
are not recognized by the automated procedures. The
annotated sequences (mtDNA and plasmid) are avail-
able at GenBank (JQ693395 and JQ693396).
Phylogenetic Analysis
The data set contains 13 mitochondrion-encoded pro-
teins (Cox1, 2, 3, Cob, Atp6, 9 and Nad1, 2, 3, 4, 4L, 5,
6) and includes sequences from all zygomycetes for
which complete mtDNA sequences are available. Protein
collections were managed and automatically aligned,
trimmed, and concatenated with Mams (developed in
house; Lang BF, Rioux P, unpublished data). Mams uses
Muscle (Edgar 2004) for an initial alignment, followed by
a reﬁnement step with HMMalign (S. Eddy; http://
hmmer.janelia.org). The ﬁnal data set contains 37 taxa
and 3,664 amino acid positions and is available from
the authors upon request.
Phylogenetic analyses were performed by Bayesian in-
ference (PhyloBayes; Lartillot and Philippe 2004) using
the CATþGamma model, six discrete categories, four in-
dependent chains, 10,000 cycles (corresponding to;550,
000 generations), and thedc parameter to remove con-
stant sites. The site removal reduces the total number of
amino acid positions to 3048. The ﬁrst 1,700 cycles were
removed as burn-in. The robustness of internal branches
was evaluated based on 100 jackknife (60%) replicates,
as modeling of duplicated sequence sites generated by
bootstrap analysis is problematic with the Bayesian
approach.
Maximum likelihood (ML) analysis was performed with
RaxML-HPC v7.2.2 (Stamatakis 2006), using the LG model
(PROTGAMMALGF), and the fast bootstrapping option
(100 replicates).
Results and Discussion
Comparison of G. irregulare and G. rosea
Mitochondrial Genomes
The mitochondrial genome of G. rosea has been completely
sequenced by a combination of 454 sequencing from total
DNA and ﬁlling of the remaining 26 gaps (due to low se-
quence coverage and 454 sequence error) by PCR ampliﬁ-
cation and Sanger sequencing. The size of G. rosea mtDNA
is relatively large (97,349 bp) when compared with those of
the two G. irregulare isolates (70,606 and 70,799 bp) and
contained several homopolymer stretches that required
correction of the 454 data by traditional Sanger sequencing.
In addition, paired-end sequencing was performed to avoid
misassembly of the genome due to the presence of long
sequence repeats. Whenever sequence repeats occur in
a genome, more than one genome conformation may exist
due to recombination events, but we have no evidence that
this occurs in G. rosea. The large genome size of G. rosea is
essentially due to extended intergenic regions, not a varia-
tion in the number or size of introns (table 1), or the pres-
ence of mitochondrial plasmid insertions that are
otherwise common in fungi.
The high number of initial sequencing gaps was surpris-
ing as according to our experience, the same amount of
total 454 sequence information resulted in complete or al-
most complete coverage of Glomus spp. mtDNA. Among
possible explanations, a substantial contamination with
DNA from foreign species seems unlikely, as spores were
carefully cleaned and sorted individually prior to extraction
of total DNA. It remains possible either that the copy num-
ber of mtDNA is lower in G. rosea than in other AMF spe-
cies, that its nuclear genome is much more complex, or
that the spores harbor endosymbionts accounting for
a substantial increase in total DNA relative to mtDNA con-
tent. Given the available sequence data, we have no reason
to favor any of these scenarios.
As in most other fungi, the G. rosea mtDNA maps as
a circular molecule (ﬁg. 1) but is likely organized as a linear
multimeric concatamer in vivo (Bendich 1996). To allow for
easier genome comparison, we have opened the circle at
a previously introduced standard position, upstream of
rnl. Conservation of mitochondrial gene order between
Table 1. Gene and Intron Content in Selected Fungal mtDNAs.
Species
Genes and Introns
rnl, rns atp6, 8, 9 cob cox1, 2, 3 nad1–6a trn A-W rnpB rps3 ORFsb Intron Ic Intron IIc
Gigaspora rosea 2 3 1 3 7 25 0 0 4 13 1
Glomus irregulare 494 2 3 1 3 7 25 0 0 8 24 0
G. irregulare 197198 2 3 1 3 7 25 0 0 8 26 0
Smittium culisetae 2 3 1 3 7 26 1 1 3 14 0
Mortierella verticillata 2 3 1 3 7 28 1 1 7 4 0
Rhizopus oryzae 2 3 1 3 7 23 1 0 4 9 0
Allomyces macrogynus 2 3 1 3 7 25 0 1 4 26 2
Saccharomyces cerevisiaed 2 3 1 3 0 25 1 1 3 9 4
a Includes nad1, nad2, nad3, nad4, nad4L, nad5, and nad6.
b Only ORFs greater than 100 amino acids in length are listed, not including intronic ORFs and dpo and rpo fragments.
c Intron I and Intron II denote introns of group I and group II, respectively.
d S. cerevisiae strain FY 1679 (Foury et al. 1998).












Gigaspora and Glomus is virtually nonexistent and, in con-
trast to G. irregulare, genes are encoded on both strands of
the G. roseamtDNA. These genes belong to the basic fungal
set (table 1), including all required tRNAs. Three tRNAs
have a CAU anticodon, one each for initiator and methi-
onine elongator tRNAs and a third one in which a potential
lysidine modiﬁcation of the anticodon C residue would al-
low decoding of AUA as isoleucine (e.g., Muramatsu et al.
1988; Weber et al. 1990). Notably, the predicted initiator
methionine tRNA exhibits structural features in the anti-
codon loop that never occur in orthodox tRNAs, entailing
a most unorthodox modiﬁcation of decoding preferences
(for more details, see below).
As in G. irregulare (Lee and Young 2009), genes for the
ribosomal protein rps3 and the RNA component of mito-
chondrial RNase P (rnpB) are absent, although they occur
in most zygomycetes (Seif et al. 2005). However, whereas
rps3 may have been transferred to the nuclear genome,
this inference remains more contentious for rnpB as it
would require targeting of a relative large RNA molecule
from the cytoplasm back into mitochondria. An alterna-
tive solution would be a nucleus-encoded protein-only
RNase P activity that replaces the ribozyme, as it occurs
in animal and plant mitochondria (Holzmann et al. 2008;
Gobert et al. 2010).
Mitochondrial Plasmid Insertions
Mitochondrial autonomously replicating plasmids are
widespread. They may carry their own genes for DNA rep-
lication (dpo) and transcription (rpo), and in some cases,
plasmids are known to integrate into mtDNA. There is
no biochemical or genetic evidence that complete or
fragmented versions of dpo and rpo are functional when
inserted into mtDNA; in fact, plasmid insertion into
mtDNAs is followed by rapid genome reorganization
and loss (e.g., Bertrand et al. 1986; Vierula and Bertrand
1992; Baidyaroy et al. 2000; Hausner 2011), conﬁrming
the view that dpo and rpo are required for plasmid
replication and transcription only.
We have used our shotgun data containing both
mitochondrial and nuclear sequence reads to search for
plasmid-related sequences. G. irregulare mtDNA carries
many more and larger plasmid-related DNA polymerase
(dpo) gene fragments than G. rosea (ﬁlled light blue boxes;
two tiny fragments in G. rosea are at map position ;50
kbp; ﬁg. 1). In addition, G. rosea has an apparently com-
plete, plasmid-like dpo (but no rpo) in a 3,582-bp contig.
Given its relatively high sequence coverage with respect to
nuclear genes, this element is likely a freestanding plasmid
that only encodes dpo. We have not succeeded in demon-
strating a circular plasmid version by PCR ampliﬁcation (in-
cluding the use of a dedicated long PCR kit; data not
shown) and therefore assume that the plasmid is linear.
Its cellular location (cytoplasmic or mitochondrial) remains
unknown. The dpo gene is translated with the standard ge-
netic code, but this would be compatible with both a cyto-
plasmic and mitochondrial location (for a more detailed
discussion of the mitochondrial genetic code, see below).
Whatever its cellular location, the G. rosea plasmid dpo is
most closely related to mitochondrial dpo fragments, in
both Glomus and Gigaspora, belonging to the family of
plasmids that repeatedly invade mitochondrial genomes.
A freestanding form of a mitochondrial plasmid has so
far not been described for glomeromycotan species.
FIG. 1. Comparison of Gigaspora rosea and Glomus irregulare mitochondrial genomes. The circular-mapping genomes of G. rosea and
G. irregulare were opened upstream of rnl to allow for easier comparisons. Genes on the outer and inner circumference are transcribed in
clockwise and counterclockwise direction, respectively. Arcs indicate coding regions interrupted by introns. Gene fragments in G. rosea are
numbered 1 and 2. Boxes of coding regions are ﬁlled black, intron ORFs dark gray, and introns light gray. Regions with similarity to
mitochondrial plasmid-like DNA polymerase are marked light blue and insertions in rns and rnl that are not excised from the rRNA (i.e., are not
introns) in orange. Gene and corresponding product names are atp6, ATP synthase subunit 6; cob, apocytochrome b; cox1–3, cytochrome c
oxidase subunits; nad1–4, 4L, 5–6, NADH dehydrogenase subunits; rnl, rns, large and small subunit rRNAs; A-W, tRNAs, the letter
corresponding to the amino acid speciﬁed by the particular tRNA.












Evolution of the Mitochondrial Genetic Code in
Glomeromycota
Some members of the paraphyletic zygomycete lineages,
such as Rhizopus oryzae, but also the rapidly evolving Smit-
tium culisetae, have retained the standard genetic code for
the regular set of mitochondrial protein-coding genes,
a trait inherited from their bacterial ancestors (Seif et al.
2005). However, Mortierella verticillata reassigns UGA
‘‘stop’’ codons as tryptophan, one each in nad3 and
nad4. Likewise, UGA(Trp) codons are also present in the
S. culisetae group I intronic open reading frame
(ORF)283 and ORF248, encoding homing endonucleases
of the LAGLI/DADG type (Seif et al. 2005).
In Glomeromycota, deviations from the standard ge-
netic code also vary. A few clear-cut instances of UGA(Trp)
codons are found in the two published G. irregulare
mtDNAs but not in G. rosea. In turn, translation initiation
with either AUG(Met) or GUG(Met) leads to seven
proteins in G. rosea (i.e., a surprising 50% of standard
protein-coding genes) that are severely truncated at
their amino-terminal. In these instances, sequence similar-
ity at the protein level extends further upstream to
potential UUG initiation codons (supplementary ﬁg. S2,
Supplementary Material online).
UUG initiation is infrequent in fungal mitochondria (e.g.,
an isolated instance in Mortierella; GenBank #AY863211;
supplementary ﬁg. S2, Supplementary Material online). It
does occur in bacteria where initiation of translation de-
pends on a speciﬁc initiator methionine tRNA that recog-
nizes AUG, GUG, and UUG, in descending order of
efﬁciency. In the case of UUG initiation, only the second
and third codon positions (U and G) are able to interact
directly with the tRNA anticodon (i.e., the C and A of the
CAU anticodon), accounting for the very low effectiveness
of UUG as an initiation codon, despite stabilization and
precise positioning of translation initiation codons by
Shine–Dalgarno sequence motifs. These motifs occur at
a deﬁned distance upstream of initiation codons, yet in mi-
tochondria, they are only known from the jakobid ﬂagellate
Reclinomonas americana (Lang et al. 1997). How then are
UUG codons recognized in mitochondria of G. rosea?
A mechanism for more precise positioning of translation
starts is known from mitochondria of monoblepharidalian
chytrid fungi and the sea anemone Metridium senile, in
which almost every protein-coding gene has a guanosine
residue upstream of the predicted AUG or GUG start co-
dons (Bullerwell, Forget, et al. 2003). This conserved G res-
idue converts the triplet into a more stable quadruplet
initiation codon, correlating with the presence of an unor-
thodox cytosine residue at position 37 in the anticodon
loop of the initiator tRNAs. This feature permits a more
stable 4-bp interaction between CAUC anticodons and
quartet GAUG/GGUG codons. Inspection of G. rosea
sequences does not conﬁrm the presence of quadruplet
initiation codons, yet its predicted initiator tRNA is highly
unorthodox, with a G residue at position 32 that is
otherwise always a pyrimidine (for a recent review on
mitochondrial tRNA structure, see Lang et al. 2011). In fact,
in a 3D structure, position G-32 of the anticodon loop is in
close vicinity to both the U-36 of the anticodon and the
ﬁrst U of UUG initiation codons. Interaction of G-32 with
both U residues would thus stabilize the U–U pair. In other
words, all three nucleotides of the UUG codon are capable
of forming stable interactions with this unorthodox initia-
tor tRNA, implying that translation initiation with UUG
becomes as effective as with AUG: in accord with the high
incidence of inferred UUG translation initiation codons in
G. rosea mitochondria.
Robust Phylogenetic Association of Glomeromycota
with Mortierellales
The Glomeromycota are part of zygomycetes, a phyloge-
netically heterogenous (paraphyletic) taxon (Seif et al.
2005; James et al. 2006; Liu, Steemkamp, et al. 2009). Ac-
cording to a current proposal, Glomeromycota constitute
an independent fungal phylum (Hibbett et al. 2007), yet
phylogenomic analyses with nuclear and mitochondrial
genes (e.g., Seif et al. 2006; Liu, Leigh, et al. 2009) do
not support this view. When the complete mtDNA data
of G. irregulare are included in the analysis, this fungus
associates with Mortierella (Lang and Hijri 2009; Lee
and Young 2009): an afﬁnity that was also observed with
a nuclear data set (Liu, Leigh, et al. 2009), although in both
cases based on poor taxon sampling and without signif-
icant statistical support. Evidently, additional zygomycete
nuclear or mitochondrial genome data are required to ad-
dress this question and demonstrate beyond reasonable
doubt that Glomeromycota merit the status of an inde-
pendent phylum.
When G. rosea data are included in a data set containing
all standard mtDNA-encoded proteins, Glomeromycota
branch with Mortierella as noted above, but with better
statistical support (PP 0.99; 66% jackknife value [JV];
ﬁg. 2). In addition, S. culisetae, a rapidly evolving species
belonging to Harpellales (grouping at a basal position with
ML and the applied global model of protein evolution; data
not shown), occupies a sistergroup position with Glomer-
omycota when PhyloBayes and the more realistic CAT
model are used for phylogenetic inference (modeling site-
wise heterogeneity of amino acid positions, one of the
major sources of systematic phylogenetic error in global
models) (Lartillot and Philippe 2004; Lartillot et al.
2007). However, the inclusion of Smittium in a monophy-
letic group including Mortierella and the two Glomeromy-
cota draws only low statistical support (a posterior
probability value of 0.68% and 43% JV), which we attribute
to a combination of low phylogenetic signal (use of a single
representative for Harpellales) and conﬂicting long-branch
attraction (because rapidly evolving) toward a basal
position in the tree. When removing Smittium from the
data set, the support for Mortierella forming a monophy-
letic group with Glomeromycota increases substantially
(PP 1.0; 93% JV)
In summary, our results further support the view that
Glomeromycota and Mortierellales are sister taxa. This












inference and the potential inclusion of Harpellales in the
same monophyletic group remain to be tested with ex-
tended species sampling across ‘‘zygomycetes.’’ In particu-
lar, representatives of Harpellales with more moderate
evolutionary rates need to be identiﬁed and data from
Mortierellales and Glomeromycota added. Contrary to
our previously more pessimistic assessment (Lang and Hijri
2009), broad taxon sampling of mtDNAs alone may turn
out to be sufﬁcient to resolve phylogenetic relationships
of Glomeromycota with conﬁdence. Whatever the out-
come, checking the consistency of mitochondrial phylog-
enies with phylogenomic analyses based on nuclear gene
sequences will be important as a means of informing us
about hidden phylogenetic artifacts.
Group I Intron–Mediated Trans-splicing of G. rosea
cox1
The G. rosea cox1 gene (encoding subunit 1 of respiratory
chain complex IV) is broken up into two fragments that
are located at a distance of ;30 kbp, encoded on the
same strand of the mitochondrial genome. Formally,
a cox1 gene with a 30 kbp intron could be postulated,
but this scenario is most unlikely for the following reasons.
The two cox1 fragments are separated by a total of 15
genes, including several tRNAs that are on the same
strand. It is known that tRNAs are rapidly and efﬁciently
processed from RNA precursors, so that a 30-kb RNA pre-
cursor would be rapidly fragmented within the large in-
tervening region. In addition, the cox1 break points
correspond exactly to a position where G. irregulare car-
ries a group I intron, favoring the hypothesis of group I
intron–mediated trans-splicing.
Examples of group I intron–mediated trans-splicing
have been reported previously (Burger et al. 2009; Grewe
et al. 2009; Pombert and Keeling 2010; Hecht et al. 2011),
which in all three cases occur in the most intron-rich
mitochondrial gene, cox1. The insertion points of
trans-spliced group I introns vary (supplementary
FIG. 2. Phylogenetic positioning of Glomeromycota with mitochondrial protein data. The tree shown was inferred with PhyloBayes, the
CATþGamma model and six discrete categories (Lartillot and Philippe 2004) based on 13 concatenated proteins. The ﬁrst number at branches
indicates posterior probability values of a PhyloBayes analysis with four independent chains and the second number jackknife supports values.
ML inference predicts a similar tree (not shown), except for Smittium and Blastocladiales.












ﬁg. S1, Supplementary Material online; table 2), with ex-
ceptions in the related species Isoetes and Selaginella and
in G. rosea and Trichoplax where introns occupy the
same (otherwise frequent) insertion point. In the pub-
lished examples, a complete canonical group I intron
RNA secondary structure can be inferred by pairing
the ﬂanking portion of the discontinuous exons and is
conﬁrmed by use of group I intron prediction algorithms
(Lang et al. 2007; Beck and Lang 2009). Yet in G. rosea,
certain structural core elements appear to be either miss-
ing or to deviate signiﬁcantly from established rules. As
other group I introns in G. rosea, protein-coding genes
do not display many unusual features, and as a catalytically
conserved intron RNA core is essential for intron excision,
we predict the use of an additional third helper RNA frag-
ment in trans, similar to the situation of fragmented in-
trons in Chlamydomonas (Goldschmidt-Clermont et al.
1991) and Oenothera (Knoop et al. 1997). According to
our assessment, the third intron in the nad5 gene matches
perfectly the two partial discontinuous intron sequences,
completing a comprehensive intron RNA secondary
structure (ﬁg. 3A and B).
To provide evidence that the mitochondrial cox1 is
not a pseudogene in G. rosea but indeed trans-spliced
in vivo, we have conducted RT-PCR experiments, using
primers located in the respective ﬂanking exons. Se-
quencing of the resulting PCR product conﬁrms that
the cox1 exons are accurately ligated in vivo (ﬁg. 3C). Se-
quencing of the PCR product conﬁrmed sequence iden-
tity with the respective cox1 exons, without any sequence
modiﬁcation. In the placozoan animal example as men-
tioned above, trans-splicing combines with an additional
RNA editing step (Burger et al. 2009). No PCR product
was obtained with total genomic DNA, ruling out the
possibility that a contiguous cox1 gene exists in the
nuclear genome.
Gene for the Small Subunit rRNA in Two Pieces
The other fragmented Gigaspora gene is rns, coding
for the small subunit rRNA. In similar cases (including both
the large and the small subunit rRNAs), trans-splicing has
never been observed, and break points usually occur in vari-
able loops of the rRNA secondary structure rather than in
highly conserved regions as in protein-coding genes (Lang
1984). Secondary and tertiary interactions between the
unligated rRNA fragments are sufﬁcient for folding into
a complete rRNA structure and formation of functional
ribosomes. According to our rRNA secondary structure
model, the breakpoint of G. rosea is in a variable loop
(ﬁg. 4). RT-PCR experiments did not produce DNA frag-
ments of the predicted size and sequence (data not
shown), and we explain a few incongruent RT-PCR sequen-
ces that we obtained by a low level of template-switching
activity of RT. We have also been unsuccessful in folding
the ﬂanking regions into a bona ﬁde intron RNA structures
(either by inference with intron models that are part of the
MFannot annotation or manually).
How Many True Introns in rns and rnl?
Modeling of rRNA structures and prediction of introns
are problematic, without conﬁrmation at the RNA se-
quence level. It is well known that mitochondrial rRNAs
may carry inserts in variable regions of the structure
that are not excised at the RNA level (e.g., Lang et al.
1987). In G. rosea rns and rnl, we ﬁnd numerous inserts
of this kind (ﬁgs. 2 and 4) that do not carry evidence for
sound group I or group II intron structures. RT-PCR





Glomus irregulare FJ648425 rnli1939 nad5i417 nad5i717 s cobi429 cox1i386 cox1i731 cox1i867 cox1i1108
Gigaspora rosea d d d nad5i954 d d 6 d d
Basidiomycota
Cryptococcus neoformans NC004336 s s s s s s s s s
Pleurotus ostreatus EF204913 s s s s s d s s d
Ascomycota
Pneumocystis carinii GU133622 s s s s s s s s s
Podospora anserina NC001329 s s s s s s s d d
Zygomycota
Mortierella verticillata AY863211 s s s s s s s s s
Rhizopus oryzae AY863212 s s s s s d s s s
Chytridiomycota
Monoblepharella AY182007 s d d s s s s s d
A. macrogynus NC001715 s s d s d d s d d
NOTE.—The representation ± indicates a partial group I intron secondary structure. The gray columns represent the cox1 intron that is trans-spliced in G. rosea, and the
nad5 intron believed to be involved in the trans-splicing. Introns were named according to Dombrovska and Qiu (2004). Shared intron positions are based on the coding
sequence of the gene in which they are inserted in the ﬁrst Glomeromycota mitochondrial genome published (Lee and Young 2009). Unique introns to G. rosea are named
according to their positions in the gene in which they were identiﬁed. Of the 13 group I introns in G. rosea and the 24 in G. irregulare 494, only seven are shared at cognate
insertion site. Note that the G. rosea nad5i954 intron that may complement a functional secondary structure of the trans-spliced cox1 intron is not present in G. irregulare
and in the other represented fungal species.












experiments conﬁrm this view: the insert in rns_2 is not
excised at the RNA level nor are ﬁve intron-size inserts
in rnl. According to our results, RNA splicing occurs on-
ly for the two rnl introns that are predicted by RNAwea-
sel (Beck and Lang 2009; one group II followed by
a group I intron; ﬁg. 2). It is noteworthy that one of
the rnl inserts occurs precisely at a position where G.
irregulare carries a true intron, as veriﬁed in that case
by cDNA sequencing (Lee and Young 2009). Evidently,
the nature and size of gene and genome insertions in
glomeromycotan mtDNAs undergo the most rapid
change, similar to what we observe with mitochondrial
plasmid insertions.
Conclusion
The Gigaspora mitochondrial genome has turned out to
be most unusual, with fragmented genes, trans-splicing,
a ribosomal RNA gene in pieces, and an inﬂated genome
size. The presence of substantial gene order differences
between Glomus and Gigaspora is another intriguing ob-
servation, suggesting the capacity for nonhomologous
recombination repair. The repeated insertion of plastid-like
sequences into the mtDNA is in support of this view, as is
a high but variable number of (mostly group I) introns.
Group I introns propagate by a homing mechanism that
relies on homologous recombination (Perrin et al. 1993;
Chevalier et al. 2003), that is, we hypothesize that the bio-
chemical machineries for both homologous and nonho-
mologous recombination are present in glomeromycotan
mitochondria. The effectiveness and mechanisms of
recombination may be tested by combining, for instance,
compatible Glomus species with differences in sequence or
intron content via anastomosis and analysis for
recombination products in the segregated offspring.
Evidently, mtDNAs do segregate effectively in Glomeromy-
cota, as any mtDNA so far sequenced has had a perfectly
homogeneous sequence: in contrast to their nuclear
genomes, which are multinucleate, most divergent in
FIG. 3. Model of group I intron–mediated trans-splicing in G. rosea and demonstration of mRNA trans-splicing by RT-PCR. (A) Schematic view
of the trans-spliced cox1 group IB intron RNA secondary structure. The pink-colored RNA corresponds to the predicted nad5 intron 3 helper
sequence, and dashed loops indicate its interaction with the two intron fragments ﬂanking cox1 exons 4 and 5 (shown in blue). P1–P10
illustrate the conserved stems of the intron secondary structure according to Burke et al. (1987). Canonical Watson–Crick base pairing is shown
by dashes. (B) Genomic view of RNAs involved in cox1 trans-splicing. Blue and red arrows indicate PCR and RT-PCR primers (see Materials and
Methods). (C) Ampliﬁcation products obtained with G. rosea cDNA and genomic DNA. a, RT-PCR ampliﬁcation in the presence of total RNA
(demonstration of trans-splicing and that mitochondrial cox1 is not a pseudogene); b, RT-PCR ampliﬁcation of an internal section of exon 4
(positive control); c, PCR ampliﬁcation of total genomic DNA, with the same primers as in ‘‘b’’ (positive control); and d, PCR ampliﬁcation of
total genomic DNA, with the primers used in ‘‘a’’ (negative control, no presence of a contiguous gene in the nuclear genome). Further negative
controls (see Materials and Methods) not shown.












sequence, and seemingly impossible to assemble (Martin
et al. 2008). The large differences among glomeromycotan
mitochondrial genomes should motivate the future inclu-
sion of other distant lineages, such as Acaulospora and Scu-
tellospora, for further comparisons. These new sequences
will at the same time serve in conﬁrming the phylogenetic
positioning proposed here of Glomeromycota within Fungi.
Supplementary Material
Supplementary ﬁgures S1 and S2 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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Summary
 Nonself fusion and nuclear genetic exchange have been documented in arbuscular mycor-
rhizal fungi (AMF), particularly in Rhizophagus irregularis. However, mitochondrial transmis-
sion accompanying nonself fusion of genetically divergent isolates remains unknown.
 Here, we tested the hypothesis that mitochondrial DNA (mtDNA) heteroplasmy occurs in
the progeny of spores, obtained by crossing genetically divergent mtDNAs in R. irregularis iso-
lates.
 Three isolates of geographically distant locations were used to investigate nonself fusions
and mtDNA transmission to the progeny. We sequenced two additional mtDNAs of two
R. irregularis isolates and developed isolate-speciﬁc size-variable markers in intergenic regions
of these isolates and those of DAOM-197198. We achieved three crossing combinations in
pre-symbiotic and symbiotic phases. Progeny spores per crossing combination were geno-
typed using isolate-speciﬁc markers.
 We found evidence that nonself recognition occurs between isolates originating from dif-
ferent continents both in pre-symbiotic and symbiotic phases. Genotyping patterns of individ-
ual spores from the progeny clearly showed the presence of markers of the two parental
mtDNA haplotypes. Our results demonstrate that mtDNA heteroplasmy occurs in the progeny
of the crossed isolates. However, this heteroplasmy appears to be a transient stage because all
the live progeny spores that were able to germinate showed only one mtDNA haplotype.
Introduction
The Glomeromycota phylum encompasses an ancient group of
obligate symbiotic fungi colonizing c. 80% of plants to form
arbuscular mycorrhizae (Smith & Read, 2008). Long considered
asexual organisms, this paradigm has recently been challenged by
the discovery of intact meiotic machinery genes that are puta-
tively functional (Halary et al., 2011), although apparent repro-
ductive structures have yet to be observed. Arbuscular
mycorrhizal fungi (AMF) reproduce clonally through large and
multinucleated spores, and due to their coenocytic nature (i.e.
living hyphae lacking septa and thereby nuclei, mitochondria and
other organelles sharing a common cytoplasm), spores and myce-
lium can host communities of hundreds to thousands of nuclei
showing substantial genetic variability (Kuhn et al., 2001; Hijri
& Sanders, 2005; Jany & Pawlowska, 2010; Marleau et al.,
2011), which persist at the transcriptional level (Boon et al.,
2010).
Several studies have shown the impact of AMF on plant
growth and health (Jeffries et al., 2003; van der Heijden et al.,
2008; Smith & Read, 2008; Ismail & Hijri, 2012), soil quality
and structure (Rillig & Mummey, 2006), and ecosystem func-
tioning and biodiversity (van der Heijden et al., 2006). When
associated with plants, they often extend beyond roots into the
surrounding environment to form an intermingled coenocytic
and multinucleated extraradical mycelium network (Leake et al.,
2004) that facilitates up to 90% of phosphorus (P) plant-uptake
and also enhances nitrogen (N)-acquisition under natural condi-
tions (reviewed in Bolduc & Hijri (2011)). AMF structures can
also link plants from the same or different species and/or families
via the formation of hyphal fusions (i.e. anastomosis) (Giovannetti
et al., 2004), creating an extensive common mycorrhizal network.
As previously demonstrated by Giovannetti et al. (1999), anasto-
mosis also plays a key role in genetic exchange, either within the
same isolate or between closely related isolates that are genetically
divergent (Croll et al., 2009). This mechanism is likely one of the
most important factors contributing to the maintenance of geno-
mic composition among members of the Glomeromycota (Bever
& Wang, 2005; Corradi et al., 2007; Croll et al., 2009; Angelard
& Sanders, 2011; Colard et al., 2011). However, such huge
genetic diversity within AMF populations (Corradi et al., 2007;
Boon et al., 2010) or even in successive monosporal subcultures
(Ehinger et al., 2012) makes it difﬁcult to use only nuclear mark-
ers to address questions related to AMF community structure,
diversity and function. In contrast to nuclear genes, mitochon-
drial genomes appear to be homogeneous within AMF isolates.
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This was clearly demonstrated by sequencing the ﬁrst complete
mitochondrial genome (Lee & Young, 2009) of the Rhizophagus
irregularis isolate 494 (Błaszk., Wubet, Renker & Buscot)
C. Walker & A. Schussler – syn. Glomus irregulare Błaszk.,
Wubet, Renker & Buscot (Blaszkowski et al., 2008; Stockinger
et al., 2009; Schussler & Walker, 2010), followed by many other
genomes such as Gigaspora margarita, Gi. rosea, four isolates of
R. irregularis and a closely related Rhizophagus species (Formey
et al., 2012; Nadimi et al., 2012; Pelin et al., 2012; Beaudet et al.,
2013). These genomes offer exceptional opportunities for
designing speciﬁc markers to identify AMF strains either in
natural populations or in mesocosm/microscosm based-
experiments (Lang & Hijri, 2009; Formey et al., 2012; Beaudet
et al., 2013).
It was previously assumed that, based on incompatibility and
nonself recognition mechanisms, anastomosis cannot occur
between genetically distinct isolates (Giovannetti et al., 2003).
However, many studies have challenged this point of view and
have provided convincing contrary evidence (Croll et al., 2009;
Angelard et al., 2010; Angelard & Sanders, 2011). These stud-
ies used crossing experiments and speciﬁc genetic markers to
show that nuclear material from both parents is passed on to
their progeny, thus demonstrating genetic exchange and segre-
gation between genetically divergent isolates of the AMF
R. irregularis. In addition, a recent study has clearly demon-
strated that genetically different isolates of Rhizophagus clarus
(synonym, Glomus clarum) originating from the same habitat
and sampled close to each other underwent anatomosis (Purin
& Morton, 2012). This once again raises the questions of
whether mitochondria are also exchanged via anastomosis
between isolates of R. irregularis of different geographical ori-
gin, that is, heteroplasmy (i.e. the mixture of genetically differ-
ent mtDNAs in a common cytoplasm) and whether this state
is transient or is maintained into the progeny. Heteroplasmy is
not rare in the fungal kingdom (Lesemann et al., 2006) and
has been observed in several eukaryotes (Barr et al., 2005;
White et al., 2008). As suggested by researchers working on
natural populations of the plant pathogen Armillaria sp. (Smith
et al., 1990), possessing multiple types of mtDNA might confer
an advantage under changing environmental conditions. This
hypothesis has already been demonstrated for the model fungus
Saccharomyces cerevisiae (Taylor et al., 2002; Hnatova et al.,
2003) and the plant pathogen Podosphaera leucotricha
(Lesemann et al., 2006).
Heteroplasmy has never been studied in AMF, presumably
due to the lack of reliable and appropriate mitochondrial markers
(Lang & Hijri, 2009; Lee & Young, 2009; Formey et al., 2012).
Consequently, we employed three genetically well-characterized
R. irregularis isolates (DAOM-197198, DAOM-234328 and
DAOM-240415) to address this question, which is an important
one for advancing our knowledge of genetic exchange between
AMF. These isolates were selected because they originate from
distant geographical locations. In addition, de novo genome
sequencing, assembly and annotation were performed for two
other R. irregularis isolates, DAOM-234328 (Finland) and
DAOM-240415 (Manitoba, Canada), and their results were
compared with published mtDNAs (Lee & Young, 2009;
Formey et al., 2012; Nadimi et al., 2012). Subsequently, speciﬁc
size-variable markers were designed for each isolate to detect
mtDNA mixture after anastomosis between the strains in micro-
cosm experiments.
Materials and Methods
Growth conditions and maintenance of fungal cultures and
roots
Monoxenically produced spores of Rhizophagus irregularis;
DAOM-197198 (Pont-Rouge, Quebec, Canada) DAOM-
234328 (Finland) and DAOM-240415 (Dufrost, Manitoba,
Canada) were provided by the DAOM collection (Ottawa,
Ontario, Canada). These three isolates were selected because
they have different geographical origins and their mitochondrial
genomes have been fully sequenced. Spores were subcultured in
association with Ri T-DNA transformed chicory (Cichorium
intybus) roots on a modiﬁed minimal (MM) medium (Becard
& Fortin, 1988) solidiﬁed with 0.4% (w/v) gellan gum (Sigma).
Plates were incubated in the dark in an inverted position at
25°C. Several thousand spores and extraradical mycelia were
obtained in a period of 12 wk. Ri T-DNA transformed chicory
roots were routinely propagated by placing actively growing
root apexes on MM medium and subsequent incubation at
25°C in the dark.
DNA extraction and sequencing
For DNA extraction, the extracted fungal spores and mycelia
from the MM medium were dissolved in buffer citrate (pH 6.0)
(Doner & Becard, 1991) and washed with sterile water. Extracted
fungal material from the MM medium was observed under a
binocular microscope in order to detect and remove any root
contaminants. DNA extraction was carried out using the DNeasy
Plant Mini Kit (Qiagen), following the manufacturer’s instruc-
tions. Whole genome shotgun sequencing was performed at
McGill University’s Genome Quebec Innovation Centre using a
Roche GS-FLX-Titanium sequencing platform (454 Life
Sciences, Branford, CT, USA).
de novo assembly and sequence analysis
The total DNA of R. irregularis isolates DAOM-240415 and
DAOM-234328 was sequenced and the resulting reads (257 880
and 238 826, respectively) were assembled using Newbler
(Genome Quebec Innovation Centre, McGill University,
Montreal, PQ, Canada). Gene annotation was performed
with MFannot (http://megasun.bch.umontreal.ca/cgi-bin/mfan
not/mfannotInterface.pl), followed by manual inspection and
notation of missing gene features. More information on MFan-
not is described in Nadimi et al. (2012). The annotated mito-
chondrial genomes of R. irregularis isolates DAOM-240415 and
DAOM-234328 were deposited in GenBank under the respective
accession numbers JX993113 and JX993114.
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In order to develop isolate size-speciﬁc molecular markers for the
mtDNA of three different R. irregularis isolates, the variable
intergenic regions of their complete sequenced mitochondrial
genomes were used for multiple alignments. Consequently, we
developed speciﬁc primers for each isolate, which resulted in
three pairs of primers. In addition, these primers produced PCR
fragments of different lengths (Table 1). All primers were tested
for hairpin and dimer formation using AmplifX software and a
SIGMA DNA calculator (http://www.sigma-genosys.com/calc/
DNACalc.asp). The speciﬁcity of these markers was achieved
using PCR on ampliﬁed DNA of each isolate (Fig. 1). These
markers made it possible to trace parental mtDNA haplotypes in
crossing experiments.
Experimental set up
We set up two experiments in pre-symbiotic and symbiotic
phases, respectively, to study the occurrence of anastomosis and
subsequent exchange of mitochondria among the three isolates in
crossing experiments. We also performed a single symbiotic
experiment to evaluate the inheritance pattern of mitochondria
from monosporal culture lines obtained from spores harvested
from the interaction zone. Hyphal interactions were classiﬁed
into four categories as described in Croll et al. (2009): (1) perfect
fusion meant that hyphae entered into contact, fused and
protoplasmic ﬂow was established following anastomosis. No
sign of incompatibility reaction was observed. (2) Pre-fusion
incompatibility was characterized by profuse mycelium ramiﬁca-
tion at the elongation zone of the hypha that could be followed
by septa formation at the hyphal apex, thus preventing contact
between the approaching hyphae. (3) No interaction means that
two hyphae (regardless of the type of interaction) did not show
signs of rejection (i.e. wall thickening at the apex region, septa
formation or change of growth direction) but intermingled (i.e.
hyphae from different isolates or the same isolate grew in differ-
ent directions and crossed, but did not touch each other) or over-
lapped (i.e. hyphae from different isolates or the same isolate
entered into contact and continued to grow over each other). (4)
Post-fusion incompatibility means that following homing, con-
tact and fusion, the protoplasm of one hypha withdrew and a sep-
tum was formed between the two fused hyphae. Percentage of
anastomosis for the categories perfect fusion and nonself fusion
incompatibility, was calculated by dividing the number of fusions
by the total number of observed hyphal contacts (Purin &
Morton, 2012).
Pre-symbiotic experiment Spores of the three isolates were
extracted from the gel by solubilisation in buffer citrate (pH 6)
(Doner & Becard, 1991). A mono-compartment plate
(359 10 mm) ﬁlled with 5 ml of MM medium was divided into
four equal compartments. Before inoculation a colour-coded
circle was marked at the bottom of the plate on each
Table 1 Isolate-speciﬁc primers used to discriminate the three Rhizophagus irregularis isolates
Primers Codes Primer sequences (5′- 3′) Size (bp)
Position of primers in mtDNA
DAOM-197198 DAOM-240415 DAOM-234328
197198F A AGCAAATCTAAGTTCCTCAGAG 120 69523–69544
197198R TCCTGCCCCAGATACTCCAG 69624–69643
240415F B AGAAGAGTTAATAAGTTCAACTGT 147 68561–68584
240415R AGACTAATAATACGAGATGCAG 68687–68708
234328F C AAGAGGGGTGCATTCCGAAG 209 67641–67660
234328R AGCTACGCTTTGCCTTAGCA 67831–67850
A       B      C A       B      C         A      B    C
























Fig. 1 Isolate-speciﬁc mtDNA markers. (a)
Comparative view of the cox3-rnl intergenic
regions of the three Rhizophagus irregularis
isolates where primers were designed
(arrows). Upper boxes (open reading frames,
ORF) show direct orientation while bottom
boxes are opposite orientation. (b) Gel
electrophoresis showing the speciﬁcity of
length-speciﬁc molecular markers developed
for the R. irregularis isolates DAOM-197198
(A), DAOM-240415 (B) and DAOM-234328
(C). L, ladder (molecular marker).
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compartment and used to identify clusters belonging to the same
or different isolates. On each compartment, ten clusters (a cluster
was deﬁned in this study as a group of spores bearing the same
mycelium (Fig. 2)) of up to ﬁve spores from each isolate were
gently placed over the medium in the following combinations:
(DAOM-197198/DAOM-234328; DAOM-197198/DAOM-
240415; DAOM-234328/DAOM-240415). Clusters belonging
to different isolates were separated by a maximum distance of
2 mm. Plates were then sealed and incubated at 25°C in the dark
until germination. Following cluster germination, the occurrence
of hyphal fusion was checked weekly for a 45-d period, and
results were grouped into four categories (see above,
‘Experimental set up’ section) (Croll et al., 2009). Each experi-
mental unit (i.e. one replicate) consisted of one plate with four
repetitions of the same pairing (combination) and ten replicates
were performed for each combination. Ten replicates constituted
from pairings of the same isolate were used as controls.
Symbiotic experiment An autoclaved (121°C for 15 min) slide
(259 759 1 mm) was placed in the middle of an empty mono-
compartment Petri dish (1009 15 mm). Thirty millilitres of the
MM medium was then poured in to ﬁll the plate and cover the
slide. Following jelliﬁcation, only the medium covering the slide
was gently removed in such a way that c. 1 mm of each of the
slide edges was still embedded in the medium. A ﬂat surface
where the development of symbiotic mycelia could easily be
traced, adjoined by two identical distal and proximal compart-
ments, was created (Fig. 3). Subsequently, 2-cm long Ri T-DNA
transformed chicory roots were placed in both compartments and
100 spores of each isolate taken up from monoxenic cultures by
solubilisation were inoculated in one of the two compartments
using the same combinations described above. Plates were sealed
and incubated upside down at 25°C in the dark. Plates were
checked weekly and chicory roots growing towards the slide were
cut and gently removed using scalpel and forceps. Because myc-
elia growing on both edges of the slide began to spread across it,
plates were checked weekly over 10 wk for hyphal interactions,
and results were grouped into four categories according to Croll
et al. (2009). Each experimental unit (i.e. one replicate) consisted
of one plate inoculated with two isolates in association with a Ri
100 μm 25 μm
(b)(a)
Fig. 2 Self-fusion between spore clusters belonging to Rhizophagus irregularis DAOM-4240415. (a) Emergence of several germ tubes through the cut
extremities (black arrow) and anastomosis formation. (b) Inset showing details of the anastomosis (white arrows); note the profuse growth of thin hyphae








Fig. 3 Diagram presentation of the experi-
mental set up for the study of anastomosis
between geographically distinct isolates of
Rhizophagus irregularis in the symbiotic
mycelium. (a, b) Different views of the
experimental set up showing mycelium (black
and gray) from both sides growing towards the
slide (i.e. zone of interaction) and (c) interacting
with each other.
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T-DNA transformed chicory root. Fourteen replicates were per-
formed for each combination, and ﬁve replicates for each isolate
inoculated in both compartments with the same fungal isolate
were used as control.
Monosporal cultures lines with progeny from crossed experi-
ments In order to test the hypothesis of whether heteroplasmy
is a transient state or is maintained into the progeny, twenty full
lipid spores (i.e. progenies) harvested from the interaction zone
for each combination were randomly chosen and individually cut
out from the mycelium and extracted in 2 ll sterile ultra-pure
water (PureLab, Elga, Canada). Spores were placed in a new
mono-compartment Petri dish (90 mm) containing M medium
in the close vicinity of a Ri-T transformed chicory root. Sixty rep-
licates, each consisting of one single spore associated with a chic-
ory root were maintained as above. Each plate was checked
weekly for germination, root colonization and colony develop-
ment over 11 wk.
Microscopy, data collection, harvest and statistical analysis For
all experiments, the occurrence of anastomosis and/or spore ger-
mination was observed under a Discovery V12 stereomicroscope
(Carl Zeiss, Toronto, ON, Canada) at magniﬁcations of 96.7–
940. Bright-ﬁeld microscopy (Axio Imager M1; Carl Zeiss) was
also used to observe details of hyphal interactions at higher mag-
niﬁcations. Images and movies of the hyphal interactions, as well
as protoplasmic streaming through hyphal fusions, were captured
with an AxioCam HRC using Axiovision software v4.8.1.0 (Carl
Zeiss).
For the second experiment, only the cultures showing syn-
chronised growth of crossed isolates from both sides towards the
slide were considered in order to trace the origin of hyphae and
to avoid self-fusions. This restriction reduced the experimental
replicates to three for some crossing combinations. The weekly
growth of the mycelia over the slide was marked with coloured
dots according to the isolate, making it easy to trace development
as well as interactions between both mycelia. Hyphal interactions,
number and phenotype of spores (e.g. shape, lipid droplet con-
tent, aborted-like structures) formed at the zone of interaction
(slide) at both sides of the fungal cultures were evaluated in addi-
tion to measuring total hyphal length and hyphal density. Thirty
full lipid spores (20 spores out of 30 were used to initiate monos-
poral cultures lines; see experiment 3) formed at the zone of
interaction for each combination were randomly chosen, individ-
ually cut out from the mycelium and extracted in 2 ll sterile
ultra-pure water (PureLab). Whole genome ampliﬁcation was
performed for all spores using the GenomiPhi V2 DNA Ampliﬁ-
cation Kit (GE Healthcare, Mississauga, ON, Canada) following
the manufacturer’s instructions.
Monosporal culture lines initiated from progenies did not pro-
duce any further visible extraradical structures, even though ger-
mination and root contact of several spores was observed. Under
these circumstances, all germinated and nongerminated spores
were harvested and their genome ampliﬁed following the same
protocol described. The root segment in contact with the germi-
native mycelium was removed and stained following the protocol
described in (Phillips & Hayman, 1970) to observe hyphal
attachment and also assess the development of intraradical struc-
tures.
Data analysis was performed using STATISTICA software.
Data were subjected to an ANOVA. The Tukey honestly signiﬁ-
cant difference test was used to identify signiﬁcant differences
(P ≥ 0.05).
PCR genotyping and sequencing of progeny spores As already
described, isolate-speciﬁc markers were designed for each of the
three R. irregularis isolates, DAOM-240415, DAOM-234328
and DAOM-197198. Primer sequences are summarized in
Table 1. DNA from individual spore progeny for the second and
third experiments was subjected to PCR using the isolate-speciﬁc
primers corresponding to their parents. PCR conditions were as
follows: PCR reactions in a 50-ll volume contained 0.2 mM
dNTPs (Fermentas, Canada), 0.5 lM of each primer, 0.5 U of
Taq DNA polymerase (BioBasic, Montreal, Quebec, Canada)
and 2 ll of the whole genome ampliﬁcation product of each
spore. PCRs were run on Mastercycler pro S (Eppendorf, Can-
ada). PCR cycling conditions included an initial denaturation at
95°C for 2 min followed by 30 cycles at 95°C for 30 s; 55°C or
60°C for 30 s and 72°C for 30 s. An elongation at 72°C for
10 min was performed at the end of PCR. Hybridization temper-
ature was 55°C for DAOM-240415 and 60°C for DAOM-
97198 and DAOM-234328. PCR products were revealed using
GelRed dye (Invitrogen) and images were recorded by GelDoc
system (BioRad, Canada). PCR was performed according to the
crossing combinations summarized in Table 1. All the ampliﬁca-
tion products obtained from progeny were sent for sequencing to
McGill University and Genome Quebec Innovation Center facil-
ity (Montreal, Canada). Nucleotide Blast searches were per-
formed using the NCBI website to check the presence of the
target sequence.
Results
Mitochondrial genome comparison and marker
development
The mtDNAs of the two newly sequenced R. irregularis isolates
(DAOM-240415 and DAOM-234328) are almost identical, both
to each other and to those retrieved from GenBank, R. irregularis
isolates: 494 (Lee & Young, 2009), DAOM-197198 (Nadimi
et al., 2012), MUCL-46239, MUCL-46240 and MUCL-46241
(Formey et al., 2012). Rhizophagus irregularis isolates have a mito-
chondrial genome ranging in size from 68 995 bp to 74 799 bp,
except for the isolate MUCL-43204, which is outside of this range
(87 754 bp). This variation in size is caused by a divergence in the
presence/absence and size of mobile elements such as plasmid
related DNA polymerase genes (dpo), open reading frames encod-
ing homing endonuclease genes in deﬁned intergenic regions, as
previously described in Formey et al. (2012).
In order to develop the mtDNA isolate-speciﬁc marker for
DAOM-197198, DAOM-240415 and DAOM-234328,
multiple alignments of their complete mtDNAs and those of ﬁve
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other R. irregularis isolates were performed. We focused on the
cox3-rnl intergene, which is a large region comprising substantial
sequence divergence, as a target to design size-variable isolate-spe-
ciﬁc markers. The speciﬁc markers that were developed were used
to distinguish between the three R. irregularis isolates selected in
our crossing experiments, although the presence of a large num-
ber of dpo elements of different lengths and orientations in the
cox3-rnl intergenic region made it challenging to perform the
multiple sequence alignments. Each speciﬁc marker ampliﬁed a
single band of an expected size for the corresponding isolate
(Fig. 1). In addition to the speciﬁcity, the three markers were
designed to produce different PCR product sizes, in order to
facilitate tracing each marker in spore progeny. For example,
marker A, speciﬁc for isolate DAOM-197198, gave a PCR band
of 120 bp only for DNA of its corresponding isolate and no band
was observed for isolates DAOM-240415 and DAOM-234328.
Markers B and C, speciﬁc for isolates DAOM-240415 and
DAOM-234328, gave PCR bands of 147 bp and 209 bp, respec-
tively (Fig. 1, Table 1). Length polymorphism can also be used to
trace each haplotype in multiplex PCR reactions. However, prim-
ers of isolate DAOM-234328 can also amplify mtDNA of the
isolate 494, producing a 209-bp PCR product. Because isolate
494 was not included in our crossing experiment, the primer pair
developed for DAOM-234328 was valid.
Pre-symbiotic interactions
In this experiment, we recorded both self and nonself fusion
between all the isolates tested and characterized them by total
fusion of hyphal membranes and cell wall followed by bidirec-
tional protoplasm streaming between the connected hyphae
(Video S1). Cluster germination for all isolates was observed dur-
ing the ﬁrst 24 h. They germinated as a syncytium, which means
that the germ tube never emerged through the subtending hypha
when the spores were sharing a common mycelium, but one or
several germ tubes re-grew from the cut extremities (Fig. 2). After
1 wk, several spores within the cluster lost their cytoplasmic con-
tent and became translucent, while others within the same cluster
seemed to be dormant, as no change in color and lipid content
was observed.
Self fusion was a common event within the same isolate
(Fig. 2), and ranged from 60% to 38% in DAOM-197198 and
DAOM-2404515, respectively. Pre-fusion as well as post-fusion
incompatibility was never recorded in pairings within the same
isolate. On the contrary, hyphal interaction between pairings of
different isolates (i.e. nonself interaction) showed heterogeneous
responses. Nonself hyphal fusion was rare between different iso-
lates, and was recorded only two times in the combination
DAOM-234328/DAOM-240415 out of 157 contacts observed
(Supporting Information Table S1). Nonself post-fusion incom-
patibility was recorded for all combinations and the highest value
was 3 (2%) out of 148 contacts observed in DAOM-197198/
DAOM-240415. Microscopic observations of these hyphal
fusions revealed slow protoplasm movement alongside the con-
nected hyphae followed by protoplasm withdrawal and septa for-
mation (Video S2).
Symbiotic interactions
Growth of the mycelium during the symbiotic phase showed the
same developmental patterns for Rhizophagus species (formerly
Glomus genus) (Bago et al., 1998). After germination and root
colonization, runner hyphae (RH) rapidly colonized the medium,
and extended towards the interaction zone. They divided dichot-
omously into thinner hyphae of increasing branch order. Hyphae
subsequently branched profusely to form the so-called branching
absorbing structures (BAS). Analysis of the hyphal interactions
between isolates also showed a heterogeneous response, as in the
ﬁrst experiment. No differences in hyphal density, number of
contacts or anastomosis formation between the treatments were
detected (P ≥ 0.05) (Table 2). Perfect hyphal fusions between
colonies of the same isolate ranged from 19 8.2 in DAOM-
240415 to 49.5 17.5 in DAOM-234328 (mean SE) Pre-
fusion as well as post-fusion incompatibility was never recorded,
as observed in the pre-symbiotic interactions.
Nonself fusions were only observed at the zone of interaction
for the combination DAOM-240415/DAOM-234328. Because
anastomosis traceability was solely conﬁned to the zone of the
interaction, the occurrence of nonself fusions far beyond the
interaction zone might not be ruled out. Pre-fusion incompatibil-
ity was observed for all combinations characterized by hyphal
burst at the hyphal apex or septa formation and cytoplasm retrac-
tion before contact. No signs of wall thickening at the hyphal-
apex region were observed when hyphae from different isolates
came into contact, but overlapped mycelium was the rule rather
than the exception for all combinations.
Sporogenesis was observed during the ﬁrst week after root
colonization on the RH. Most spores were formed into lower
order hyphae after extensive growth of the fungal colony. Full
lipids and empty spores as well as aborted-like structures were
observed and recorded in all the isolates tested, regardless of the
combination. The percentage of aborted-like structures in the
interaction zone ranged from absence to 2 1 (mean  SE)
among crossed experiments and from 2 2 to 5 2 in con-
trols. The same pattern was observed at each side, when the
plate was inoculated with both isolates in crossing (i.e. nonself
interaction), or within controls (i.e. self interactions). Statistical
analysis did not show any signiﬁcant difference in the number
and percentage of spores produced for any of the categories
(P ≥ 0.05) mentioned above (Table S2). Although in the combi-
nation DAOM-197198/DAOM-240415 (Fig. 4, Video S3),
several aborted-like structures (data not shown) often arrested
their development and burst, after which several hyphae grew
out of the spore lumen (Fig. 5) Observations of these hyphae
showed that cytoplasm retracted and several septa were then
formed.
mtDNA genotyping and sequencing in spore progeny
For each crossing combination in a symbiotic interaction, 10
full-lipid spores of the progeny were individually genotyped using
isolate-speciﬁc markers corresponding to their parents, as well as
the progeny of the monosporal cultures lines experiment. The
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progeny of the three crossing combinations showed different
PCR ampliﬁcation patterns (Fig. 6). For example, the crossing of
isolates DAOM-197198 and DAOM-240415 showed that nine
progeny spores (S) out of ten contained both parental markers
and one spore (S6) did not produce a PCR ampliﬁcation product
using mtDNA markers, while 18S rDNA primers AML1 and
AML2 showed a PCR band of an expected size (790 bp; data not
shown). Five spores of the crossing combination between
DAOM-197198 and DAOM-234328 showed both mtDNA
haplotypes, while ﬁve contained only 197198-mtDNA haplo-
type. Three spores (S3, S6 and S9) of the crossing combination
between DAOM-240415 and DAOM-234328 showed both
mtDNA haplotypes, six spores showed one mtDNA haplotype
whereas DAOM-240415 mtDNA haplotype was predominant
(S1, S2, S5, S7 and S10) and spore (S8) did not produce a PCR
ampliﬁcation product using mtDNA markers, while 18S rDNA
primers did produce a PCR band (data not shown). Interestingly,
the PCR bands varied greatly in intensity among spores and inde-
pendently of the length of the marker, probably due to the fre-
quency of each mtDNA haplotype.
Monosporal cultures with progeny from crossed
experiments
Even though attempts to obtain monosporal culture lines failed,
spore germination was observed for progenies from all crossed
experiments and ranged from 40% in DAOM-197198/DAOM-
234328 to 60% in DAOM-240415/DAOM-234328 (Table S3).
The germination process was characterized by the emission of
one to several germinative hyphae through the subtending
Table 2 Anastomosis1,2 frequency from the interaction of Rhizophagus irregularis isolates in the symbiotic experiment
Type of
interaction
Hyphal density at the
interaction zone3 (cm cm2) Number of contacts
Perfect fusion
(self fusion)4 No interaction
Pre-fusion incompatibility
or hyphal avoidance Post-fusion incompatibility
Within the same isolate
A–A 10.8 1 42 25 26 23 16 2 0 0
B–B 13.4 3.1 55 14 19 8.2 36.3 6.6 0 0
C–C 14.6 1.2 77 18 49.5 17.5 30 3 0 0
Between
isolates
Hyphal density at the





A–C 9.4 1.4 25 7.1 0 23.7 7.8 1.2 0.8 0
A–B 12 2 25 7.1 0 23.8 7.7 1.25 0.7 0
B–C 11.2 1.6 26.7 4.3 1.3 0.9 25.3 3.9 0.33 0.33 0
A, DAOM 197198; B, DAOM 240415; C, DAOM 234328.
1Anastomoses within the same mycelium in crossing treatment were not recorded.
2No signiﬁcance differences were found within the treatments and controls (P ≥ 0.05).
3Mean SE.
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Fig. 4 Variability in spore morphology of
Rhizophagus irregularis at the interaction
zone in the combination DAOM197198/
DAOM240415. (a) Spore clusters showing
empty, full lipid droplets and crushed spores.
(b) Extraradical mycelium bearing both full
lipid droplets (FL) and emptied spores (ES).
(c, d), Irregular shaped spores within the
same mycelium. For a detailed view of the
spore variability see Video S3.
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hyphae (Fig. S1). Some germinative hyphae showed a marked
rhizo-tropism (Fig. S1); however, a nonorientated growth was
also observed. Germinative hyphae also underwent contact with
roots but after several weeks no progress of the fungal growth was
observed (i.e. runner hyphae bearing spores and branching
absorbing structures).
Genotyping of the progeny showed that 14 spores gave
positive PCR ampliﬁcations while the rest of the progeny did not
produce any ampliﬁcation product. All PCR products were
sequenced and matched to the isolate-speciﬁc parental mtDNA
markers. However, genotyping results showed that all the prog-
eny ampliﬁed only one parental mtDNA haplotype (Fig. S2).
For example, in the combination DAOM-197198/DAOM-
234328, three spores were genotyped of which two contained the
DAOM-197198-mtDNA haplotype and the other showed the
DAOM-234328 mtDNA haplotype. Five spores in the combina-
tion DAOM-240415/DAOM-234328 were genotyped where
two spores contained the DAOM-234328 mtDNA and three
presented the DAOM-240415 mtDNA haplotype. Finally, six
spores were genotyped in combination DAOM-197198/
DAOM-240415, where only one showed the DAOM-197198
genotype while the others contained the DAOM-240415
mtDNA haplotype.
Colonization detection
Microscopic observation of stained root fragments, which were
suspected for being colonized by progenies, revealed the absence
of hyphopodia formation. Consequently, no intraradical struc-
ture was observed.
Discussion
Nonself recognition between members of the Rhizophagus genus
has been documented (Croll et al., 2009; Angelard et al., 2010;
Colard et al., 2011; Purin & Morton, 2012) and has resulted in
nuclear segregation to new individuals affecting plant ﬁtness
(Angelard et al., 2010; Colard et al., 2011). Interestingly, combi-
nation B-C (isolates DAOM-240415 originating from Mani-
toba, Canada, and DAOM-234328 originating from Finland)
showed perfect nonself fusion and the occurrence of hetero-
plasmy. Moreover, in the symbiotic crossing experiment of com-
binations A-B and A-C, we did not observe perfect nonself
fusion, but a few proportions indicative of pre-fusion incompati-
bility; genotyping of mtDNA clearly showed the presence of both
parental haplotypes in the spore progeny. These results can likely
be explained on the basis of the coenocytic nature of the AMF
100 μm 25 μm




Fig. 5 Aborted-like structures produced by the
Rhizophagus irregularis isolates at the
interaction zone, (a, b) DAOM-197198/
DAOM-240415; (c, d) DAOM-234328/
DAOM-240415. (a) Several hyphae exit from
the aborted-like structures lumen and continue
growing following cytoplasm retraction and
multiple septa formation. (b) Inset showing
details of the lumen and septated hyphae
(arrows). (c) Burst and cytoplasm exit (black
arrow). (d) Inset showing details of the septated
hypha inside the aborted-like structures.
BABA A      BA      BA      B A     B BABA A      B A      B
CACA A      CA      CA      CA      C BACA A      C A      C
CBCB B      CB      CB     C B     C CBCB B      CB      C
S1      S2 S3     S4        S5  S6      S7  S8          S9         S10
S1      S2 S3     S4        S5  S6      S7 S8          S9         S10
S1      S2 S3     S4        S5  S6      S7 S8             S9 S10
Fig. 6 Gel electrophoresis showing patterns
of mtDNA genotyping of ten progeny spores
(S1–S10) of three combinations using three
Rhizophagus irregularis isolates DAOM-
197191 (A) DAOM-240415 (B) and DAOM-
234328 (C). mtDNA marker sizes are 120, 147
and 209 bp corresponding to DAOM-197198,
DAOM-240415 and DAOM-234328,
respectively.
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mycelium allowing protoplasm mixture before hyphal septation,
suggesting the existence, as in higher fungi (Fu et al., 2011), of a
putative molecular mechanism regulating nonself recognition
that has yet to be demonstrated.
The observed mtDNA heteroplasmy in the progeny following
nonself recognition (i.e. unrelated to apparent sexual reproduc-
tion) between genetically divergent isolates of the same species
originating from different continents is somewhat surprising.
This assumption is made on the basis that all mtDNA sequenced
so far in AMF (Borstler et al., 2008; Lang & Hijri, 2009; Lee &
Young, 2009; Formey et al., 2012; Nadimi et al., 2012; Pelin
et al., 2012; Beaudet et al., 2013) and those presented in this
study, have been shown to be homogeneous. This apparent con-
tradiction is evidence of the putative transient heteroplasmic state
in AMF, and is consistent with our results as both germinated
progeny and spores that do not break their dormancy after long
periods of sub-cultivation showed the presence of one parental
mtDNA marker. This evidence suggests the presence of an effec-
tive segregation mechanism, which might regulate mtDNA
inheritance in these organisms.
Inheritance of mitochondria in fungi during the mating pro-
cess is mostly uniparental, with only one parental haplotype of
the mitochondrial genome inherited by the progeny (reviewed in
Ni et al., 2011). However, biparental inheritance of mtDNA has
also been shown in some fungal species, such as Saccharomyces
cerevisiae and Schizosaccharomyces pombe, because the two mating
cells contribute equally through their cytoplasm organelles to
form a mixed cytoplasm in the zygote. Interestingly, the coexis-
tence of different mitochondrial genome haplotypes has been
shown to be transient in these organisms (Birky, 2001; Barr et al.,
2005; Ni et al., 2011). Mechanisms contributing to homoplasmy
are often related to the recombination of both parental mtDNAs
or by the selection of one of the parental haplotypes due to the
presence of segregation mechanisms, such as genetic bottleneck
followed by a stochastic drift (Birky, 2001). As proposed by
White et al. (2008), heteroplasmy may either persist, become
ﬁxed, or be lost due to either selection forces or drift, or both.
The extent to which such mechanisms may occur in AMF and
the resulting haplotype to be ﬁxed in the population will need to
be assessed.
In arbuscular mycorrhizal fungi, no studies have been
addressed to investigate patterns of mtDNA inheritance and seg-
regation to the progeny, however, the occurrence of distinct
mtDNA haplotypes within an AMF individual, with divergence
in mobile elements and dpo insertions, points to the possible
occurrence of interhaplotype recombination and mtDNA segre-
gation mechanisms in these fungi (D. Beaudet et al., unpublished
data). In budding yeasts mtDNA segregation occurs via nucleoids
(i.e. packages of identical mtDNAs maintained together by
Holliday junctions and proteins; Lockshon et al., 1995; White &
Lilley, 1997; MacAlpine et al., 1998), creating a genetic bottle-
neck responsible for further rapid segregation. Due to this
mechanism, heteroplasmy can last over 20 generations in these
organisms. It would be interesting to investigate whether the for-
mation of such mitochondrial nucleoids occurs in AMF and, if
so, how long this heteroplasmic state is maintained. The
efﬁciency of the mitochondrial segregation process is directly cor-
related to the initial population size and the relative proportion
of one given haplotype in a population (White et al., 2008). In
this study, only two different mtDNA haplotypes were mixed in
vitro, giving rise to limited initial genetic variants. Also, we only
have evidence of the mtDNA haplotypes frequency from the
intensity of the PCR bands we observed, which make it difﬁcult
to predict the effectiveness of the segregation process.
Other studies have shown that coexistence of two mtDNAs
within a common cytoplasm may be disadvantageous, likely due
to genetic conﬂicts or competition between divergent mtDNA
haplotypes (reviewed in Ni et al. (2011), references therein). It
has been proposed that uniparental inheritance of mtDNA in
fungi as well as other eukaryotes might be maintained by selection
forces to avoid such conﬂicts (White et al., 2008). Some authors
have hypothesized that uniparental inheritance of mtDNA and
chloroplastic DNA may avoid dispersion of selﬁsh and deleterious
mobile elements (Hoekstra, 2000; Mamirova et al., 2007). Even
if the divergence between the mtDNA haplotypes used in this
study appeared to be neutral, because they are located in intergen-
ic regions, it is difﬁcult to predict with conﬁdence the implied
function in the genome and its role in the segregation and inheri-
tance process. In any case, selection of one mtDNA haplotype
due to potential mtDNA conﬂicts or stochastic segregation mech-
anisms might explain the transient character of heteroplasmy in
our experiment and also provides a rational explanation for why
homoplasmy is more often observed in spores from ﬁeld (Borstler
et al., 2008) and/or in vitro experiments than heteroplasmy (Lee
& Young, 2009; Formey et al., 2012; Nadimi et al., 2012; Pelin
et al., 2012; Beaudet et al., 2013).
Previous studies on AMF mtDNA have already demonstrated
the great potential for developing isolate-speciﬁc molecular mark-
ers (Borstler et al., 2008; Lang & Hijri, 2009; Formey et al.,
2012; Beaudet et al., 2013). For example, Borstler et al. (2008)
used the rnl gene encoding the mitochondrial ribosomal large
subunit (mtLSU) to discriminate different haplotypes among cul-
tivated isolates of R. irregularis (formerly G. intraradices) in soil
and within root samples from the ﬁeld. These authors found 12
rnl haplotypes among 16 isolates of R. irregularis originating from
ﬁve continents. Formey et al. (2012) recently compared the com-
plete mtDNA of six R. irregularis isolates and were able to
develop mtDNA markers using the cox3-rnl intergene as well as
other regions to discriminate isolates using length polymorphism
markers. These mtDNA markers can be useful for other studies,
both in population genetics as well as in tracing isolates in agri-
culture soil and plant roots to test co-inoculation of different
R. irregularis isolates. However, it will be important to have a bet-
ter understanding of the mitochondrial inheritance process and
the extent of the mtDNA variability present in a natural popula-
tion in order to beneﬁt from the full potential of such markers.
In this particular study, we believe it was crucial to use size-var-
iable markers combined with a whole genome ampliﬁcation step,
to easily test the occurrence of heteroplasmy between the crossed
parental cultures. Some studies have suggested that during their
formation, spores can randomly inherit different nuclear haplo-
types following hyphal fusion (Marleau et al., 2011). The same
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pattern could be expected for mtDNA, however they could be
critically underrepresented in daughter spores, given the competi-
tion with the endogenous haplotypes and the putative process of
mtDNA segregation. If the isolate-speciﬁc markers were variable
in single nucleotide polymorphisms (SNPs), it would have
required a large number of clones for each tested spore to ﬁnd
even one different locus. PCR and cloning-based studies with
such markers could fail to identify occurrences of heteroplasmy.
Despite its potential as a DNA barcode, mtDNA has never been
considered as a unique and reliable highly-sensitive target to
address studies on fungal individualism in AMF (Rayner, 1991).
Conclusions
We have demonstrated a potential use of mtDNA markers to
address basic questions of evolutionary biology in AMF using
R. irregularis isolates as a model. Our study provided additional
information in the AMF mitochondrial genome collection with
the complete mtDNA of two R. irregularis isolates. Currently,
there are eight R. irregularis isolates with annotated mitochon-
drial genomes that differ substantially in some intergenic regions,
making them useful sites for developing isolate-speciﬁc markers.
We also provided additional markers that were speciﬁc to some
isolates, and demonstrated their potential use in tracing mtDNA
in a crossing experiment.
We also showed that isolates of R. irregularis from different
geographical locations, even from different continents, were able
to exchange their genetic material regarding mtDNA, resulting in
heteroplasmy in their spore progeny. The extent to which such a
state may occur in natural communities and the mechanisms
responsible for the ﬁxation of a homogeneous haplotype in an
AMF individual need to be assessed. Further studies on vegetative
compatibility and incompatibility as well as putative sex machin-
ery in AMF, are needed to advance our understanding of the evo-
lution of AMF and to better understand their population
dynamics.
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